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ABSTRACT
Seven, small ultrabasic intrusions of Precambrian age (~1150Ma) are 
described from the Gardar alkaline province, S.W. Greenland. Six of the seven 
ultramafites are complex intrusions, displaying features such as veining, layering 
and mineral segregation, and together form a globally unique rock suite (the 
TNU). The TNU are spatially and temporally associated with a giant gabbroic 
dyke (YGDC), but the seventh ultramafite occurs away from the YGDC and is 
less complex, being fine-grained and homogeneous. The field relationships of 
these seven ultramafites are described.
Two rock types occur within the TNU; the olivine-pyroxenite is dominated by 
olivine phenocrysts associated with a groundmass of olivine, pyroxene, ilmenite, 
magnetite, mica and occasionally, interstitial plagioclase, while the 
ferrian-pyroxenite is characterised by ferri-diopside together with olivine, 
magnetite, mica and perovskite. Mineral textures in the ferrian-pyroxenite are 
characterised by curviplanar grain boundaries and 120° grain boundary 
intersections, indicative of a prolonged cooling history. The heterogeneous 
nature of the ultramafites is reflected in the numerous and locally abundant 
accessory minerals; e.g. apatite, calcite, chlorite, amphibole, garnet, cuspidine, 
monticellite, vesuvianite, celestite, wollastonite, sphene, epidote, albite and 
Cu-sulphides.
A detailed description of the mineral chemistry is presented. Olivine 
compositions range from Foyrj-gg, while the pyroxenes range from 
canary-yellow crystals rich in CaFe2SiO6 to pale crystals relatively rich in 
All contain the CaFeAISiOs "end member", but are poor in 
and NaFeSi20s. Micas have normal pleochroism and are rich in TiO2 
(up to 10wt%) and BaO (up to 12wt%), but have (Si+AI)<8p.f.u.. The Ti and Ba 
substitution scheme K + 3Mg + 3Si = Ba + 2Ti + 3(6-Si) is proposed. The 
abundant opaque minerals include ilmenitess , magnetitess and pseudobrookitess, 
while an assemblage consisting of pseudobrookite, magnetite and two ilmenites 
has tentatively been identified. The opaque minerals are usually MgO-rich, but 
are poor in Mn, Al and Cr. Garnets range from birefringent andradite to 
schorlomites rich in TiO2 (20wt%). The petrography and the mineral 
compositions suggest that crystallisation proceeded under relatively reduced 
conditions (but >QFM buffer), and became progressively more oxidising late in 
the cooling history of the ultramafites. Many of the minerals and mineral 
assemblages in the ferrian-pyroxenites are stable in air at high temperatures.
Geochemically the TNU are shown to be similar to other ultramafites in the 
Gardar province. They are poor in Si02 (35wt%) and AI203 (5wt%), but rich in 
Ti02 (~5wt%), MgO (~18wt%), CaO (12wt%) and Fe (~20wt% as Fe20s). 
Incompatible and compatible elements are both abundant. These features, 
together with their larnite-normative character, reveal a similarity to ultramafic 
lamprophyres. It is suggested that the TNU crystallised from a primitive magma 
formed by a low degree of partial melting (1% to 5%) of a chondrite or 
LREE-enriched source, with a residual mineral assemblage of olivine (55%) + 
orthopyroxene (30%) + garnet (10%) + clinopyroxene (5%). However, extreme 
enrichment of the ultramafites in incompatible elements and their low K/Rb 
(-120) and Rb/Ba ratios, suggest that the geochemical hallmarks of the TNU 
may have been governed by accessory and residual phases (e.g. ilmenite, 
sulphides, phlogopite and amphibole). A high pressure origin is consistent with 
the reconnaissance experimental study, which revealed a high liquidus 
temperature (~1400°C) and an extended period of crystallisation (>250°C) at 
atmospheric pressure. Consistent with the chemical characteristics, partial 
melting at a depth of ~80km in the presence of C02 is proposed, but the 
characteristically high oxidation ratio of the ultramafites was not acquired at this 
depth. In keeping with the late-stage mineral assemblages and the field 
relationships, it is suggested that preferential H2-loss (through a 
semi-permeable membrane) from a volatile-rich magma occurred at a shallow 
depth (<3km) and gave rise to a high fO2-
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CHAPTER 1 
INTRODUCTION
1.1 OUTLINE OF STUDY.
This study is concerned with a suite of Si-deficient, ultramafic rocks from 
the Gardar province of S.W. Greenland (Fig. 1.1). A brief account of the 
magmatic and tectonic events in this province is given below. The remaining 
part of this chapter attempts to place these unique compositions in perspective, 
by comparing them to other rocks in the district. Finally, a review of the 
previous work on the ultramafites and the aims of this study will be presented.
1.2 THE GARDAR PROVINCE.
The Gardar province covers an area approximately 180km long by 50km wide, 
most of which is composed of "basement" rocks. In the north-west these are 
Archaean Gneiss (>2300Ma), while in the south the Ketilidian orogeny 
(~1800Ma; van Breemen et al., 1974) gave rise to a belt of heterogeneous 
granites with cooling ages of ~1600Ma. After ~1300Ma, for a period of 
~200Ma, the region underwent periods of tensional stress, giving rise to 
conjugate faults, numerous predominantly basaltic dykes and large (e.g. 45 x 
25km), mainly salic central complexes. Only a subordinate amount of relatively 
Si-deficient (<40wt% SiO2) rock was emplaced throughout the whole episode 
(Section 1.3). Various aspects of the province have been reviewed by Upton, 
(1974), Emeleus and Upton, (1974) and Upton and Emeleus, (in press).
The Gardar magmatic event may be divided into three episodes (Table 1.1); 
Early, Mid and Late (Blaxland et al., 1978). The Early episode (~1300Ma) was 
dominated by a succession of rapidly deposited aeolian, fluviatile and lacustrine 
sediments and interbedded lavas (predominantly basaltic), which together 
compose the Eriksfjord Formation. Relicts of this Formation, which amount to a 
total thickness of <3.5km (Larsen, 1977), are preserved only in the south-east of 
the region, in the vicinity of Narssaq (Fig. 1.1). The absolute age of the 
Eriksfjord Formation is not known, but it is cut by the early members of the 
Igaliko complex i.e. Motzfeldt (1282± 31Ma, Blaxland et al., 1978) and North 
Qoroq (1268± 61Ma, Blaxland et al., 1978). The north-west of the region is free 
from the Eriksfjord Formation, but this Early Gardar episode is represented by 
the nepheline-syenite and carbonatite complex of Gronnedal-lka, dated at 1299±
17Ma, (Blaxland et al., 1978).
Events in the Mid Gardar episode (~ 1250-1200Ma) were concentrated in the 
north-west of the region, with the emplacement of a minor swarm of 
lamprophyric dykes and a persistent swarm of dolerite dykes (named BDrj, BD-j, 
BD2). In contrast to the Si-undersaturated complexes emplaced in the Early 
period, the complexes of Kungnat and Ivigtut are Si-oversaturated and their 
emplacement marks the end of the Mid Gardar episode.
Magmatic and tectonic activity during the third and last Gardar episode 
(~ 1170Ma) was concentrated in two sub-parallel zones; the Nunarssuit-lsortoq 
zone and the Tugtutoq-llimaussaq zone, which based on field relationships, are 
assumed to have been active simultaneously (Upton and Emeleus, in press). 
Both zones are dominated by a persistent E.NE. dyke swarm, which includes 
single intrusions up to 0.8km in width. The 15km broad Tugtutoq-llimaussaq 
zone extends north-eastwards along the Tugtutoq archipelago and continues 
beneath the mainland ice, covering a distance of -140km. In this zone, the Late 
Gardar magmatism commenced with the emplacement of the Older Giant Dyke 
Complex (OGDC) (1154± 16Ma, Upton et al., in press) and the Younger Giant 
Dyke Complex (YGDC), and was succeeded by the emplacement of more evolved 
and thinner benmoreite, trachyte, rare lamprophyre and carbonatitic dykes 
(Martin, 1985; Upton and Fitton, in press). Together, these dykes form the 
Tugtutoq-llimaussaq dyke swarm and are cut by the central complexes of 
Tugtutoq (1124± 20Ma, Martin, 1985) and Ilimaussaq (1143± 21Ma, Blaxland et al., 
1978). The emplacement of these complexes, together with the Klokken (1137± 
11Ma, Blaxland and Parsons, 1975) and Nunarssuit (1125± 31Ma, Blaxland et al., 
1978) centres, marks the end of the final episode of Gardar magmatism. 
Subsequent faulting and erosion has resulted in the west being exposed at a 
deeper level than the east. However, this aside, the province has been 
geologically inactive since Gardar times apart from minor magmatic activity in 
the Mesozoic.
The accumulation of continental sediments and lavas in a fault controlled 
graben (Upton and Blundell, 1978) and the temporal and spatial association of 
alkaline igneous rocks and carbonatites in a continental environment, suggest 
that during the period from ~1300-1120Ma the Gardar province was an active 
continental rift system. Geophysical data confirms this supposition, with the 
presence of the characteristic gravity "high" being located along the Tugtutoq 
archipelago (Blundell, 1978). At the present time, therefore, the province reveals 
the deeply dissected structure of the rift system.
.1.3 ROCK COMPOSITIONS.
The deeply dissected nature of the province makes it difficult to accurately 
estimate the quantity and composition of the magmas that were involved in the 
Gardar episode. However, even a cursory examination of the areal distribution 
reveals an abundance of syenites. A planimetric study, which excluded all lavas 
and many of the dykes, confirmed that nepheline-syenites (35%), syenites (32%) 
and granites (13%), together with relatively minor amounts of gabbro (~13%), 
predominate in the region (Watt 1966). A more restricted study of the late 
Eriksfjord Formation lavas on the Narssaq peninsula revealed a different 
compositional emphasis: Basalts and hawaiites dominate in the lava pile (~70%), 
followed by trachytes (23%) and trachybasalts (7%), (Larsen, 1977).
The -300 available analyses of Gardar rocks presented by Upton, (1974) 
indicates that relatively few samples have Si02 contents <40wt%. The scarcity 
of Si-deficient rocks (i.e. Si02<40wt%) has been confirmed in a more rigorous 
study, confined to five coastal traverses almost perpendicular to the 
Tugtutoq-llimaussaq dyke swarm (Martin, 1985). A compilation presented as the 
total number of the dykes is illustrated in Fig. 1.2. Furthermore, in this swarm, 
these low silica dykes are invariably thin (<2m wide) and impersistent, being 
concentrated in one traverse; namely along the east coast of Tugtutoq. It is, 
therefore, readily apparent that rocks with <40wt% Si02 were subordinate to 
the bulk of relatively Si-rich compositions.
1.4 Si-DEFICIENT ROCKS.
In comparison to the thermodynamic classification of Si-deficient rocks as 
being characteristically perovskite-bearing and feldspar-free (Carmichael et al., 
1974), the definition used here (i.e. <40wt% SiO2) is rather arbitrary and based 
solely on the relative abundances of rock types within the province. A major 
problem is encountered with this classification, when considering rocks which 
have a high volatile content. If the volatile content is purely due to deuteric 
alteration, normalisation of the analysis on a volatile-free basis may be justified. 
However, hydrous minerals and carbonates may be primary or secondary. 
Carbonates in kimberlites and some ultramafic lamprophyres, for instance, are 
now accepted as being primary minerals (Dawson, t980; Rock, in press), so the 
normalisation would remove a characteristic and definitive feature of the rock.
In this study, whole-rock analyses have been presented on a volatile-present 
basis, although the composition of the volatile species has not been determined.
For the majority of samples, volatile contents are low (<5wt%); consequently 
the normalisation to a volatile-free basis would only result in a slight increase 
(<2wt%) in Si-content.
The Si-deficient group of compositions within the Gardar province 
encompasses a variety of rock types including ultramafite lamprophyres (UML), 
alnoites, carbonatites and mica-pyroxenites. The reports of lava flows (Larsen, 
1977), flow-banded dykes (Emeleus and Upton, 1974) and chilled margins 
(Berthelsen and Henriksen, 1975) all testify to the presence of Si-deficient 
magmas. Representatives of this suite occur in all three of the Gardar magmatic 
episodes. They have been reported early in the first Gardar period in the 
Qagssiarssuk-Narssarssuaq district (Fig. 1.1) (Walton, 1965; Stewart, 1970; Upton, 
pers. comm.). This magmatism gave rise to dominantly pyroclastic members of 
the Eriksfjord Formation and to numerous sills and plugs. The pyroclastic 
members contain lamprophyric material and coarse carbonate rocks, the latter 
suggesting the presence of a concealed carbonate body at depth. The sills and 
plugs are mainly lamprophyric (alnoites and monchiquites) and all are heavily 
carbonated. However, rare mica-pyroxenites which show less extensive 
carbonation, are also present.
Other Si-deficient rocks within this Early period are confined to thin (<3m) 
ultramafic flows at Nunasarnaq and Kvanefjeld and to fragments in the 
conglomerates at Sitdlisit (Fig. 1.1) (Larsen, 1977; Upton, pers. comm.). Evidence 
of possible ultramafic magmatism in the N.W. of the region comes from 
lamprophyric xenoliths that occur in the syenites of the Gronnedal-lka complex 
(Emeleus, 1964).
In the same region, but during the Mid Gardar episode, a swarm of small 
impersistent lamprophyric dykes were emplaced. These lamprophyres have been 
described as minettes, vogesites, kersanites, camptonites, monchiquites and 
alnoite-monchiquites (Ayrton, 1963; Emeleus, 1964; Berthelsen and Henriksen, 
1975; Patchett et al., 1978). To the east, in the vicinity of the Gronnedal-lka 
carbonatite-syenite complex, they are carbonated and appear to have been 
emplaced over an extended period of time, exceeding that of the dolerite dykes. 
Many of the lamprophyres, however, remain of uncertain age. To the west, in 
the Kungnat district (Fig. 1.1), lamprophyres appear to be the oldest dykes in the 
region, although age determinations show that some lamprophyres were 
emplaced at 1254± 29Ma and 1276± 29Ma, coinciding with the emplacement of 
the early dolerite dykes (BD0, 1272± 18Ma and 1278± 18Ma, Patchett 1976).
A volumetrically insignificant proportion (<1%) of the Tugtutoq-llimaussaq 
dyke swarm, emplaced in the third and final episode of magmatism, is Si-poor.
These dykes are located on the east coast of Tugtutoq, on Igdlutalik, and to the 
north of the Igaliko complex (Fig. 1.1). The ages of the Tugtutoq and Igdlutalik 
dykes are not known, and they may equally well be the earliest or latest 
members of the swarm. However, lamprophyre and carbonatite dykes to the 
north of the Igaliko complex appear to have been intruded throughout the period 
of the swarms emplacement (Upton and Fitton, in press.). Directly opposite 
these Tugtutoq dykes, small ultramafites crop out on the Nugarmiut peninsula, 
<1km north of Narssaq (Fig. 1.1). These, together with two further outcrops on 
Tugtutoq, will be discussed in greater detail in Section 1.4 and constitute the 
Tugtutoq-Nugarmiut ultramafites.
Other Si-poor rocks occur throughout the province, but their ages and 
compositions are less certain. In this respect, the compilation underestimates 
the diversity and quantity of these Si-poor compositions. However, attention is 
drawn to a xenolith-bearing dyke on Igdlutalik (Karra, Fig. 1.1) which, based on 
field relationships, is older than at least part of the Tugtutoq-llimaussaq swarm 
and is presumed to be Gardar in age.
1.5 THE TUGTUTOQ-NUGARMIUT ULTRAMAFITES (TNU).
Many of the Si-poor compositions mentioned above are not only spatially 
and temporally associated with the carbonatite intrusions, but are themselves 
often heavily carbonated, with only pseudomorphs revealing their original 
mineralogy. However, the ultramafites that crop out on the Nugarmiut peninsula 
and inland on Tugtutoq are not only remarkably fresh, host a unique mineral 
assemblage, but are believed to be the products of a primitive magma (Upton 
and Thomas, 1973). It is this suite of ultramafites that provides the subject of 
this study.
These ultramafites, henceforth referred to as the Tugtutoq-Nugarmiut 
ultramafites (TNU), have attained a considerable amount of attention, quite 
disproportionate to their meagre abundance. The remarkable characteristics of 
the Nugarmiut rocks were first recorded by Ussing, (1912). Whole-rock analyses 
revealed that they were rich in TiO2 (13wt%), MgO (16wt%), FeO and Fe203 
(~24wt% as Fe2O3), but poor in Si02 and apparently devoid of AI2O3- Following 
the regional mapping of the area, two preliminary reports (Upton, 1962, 1966) 
drew attention to two similar bodies located on Tugtutoq and briefly described 
their relationship with the YGDC, their internal structure and their mineralogy. 
Whole-rock analyses of the TNU presented by Watt, (1966) in a compilation of 
the chemical analyses from the Gardar igneous province, differed significantly
from the analyses presented by Ussing, (1912). They were shown to be poor in 
Si02 and ^363, rich in CaO and MgO, but also to have high K20/Na2O and 
Fe203/FeO ratios. As such, they are drastically distinct from the voluminous 
basic rocks in the region, with which they are temporally and spatially 
associated.
A more detailed geochemical study (Upton and Thomas, 1973) confirmed the 
above characteristics and attention was drawn to the similarity between the TNU 
and alnoites, olivine-melilitites, katungites and lamproites. A preliminary study 
of the petrography and the mineral chemistry was also presented, concentrating 
in particular on the rare occurrence of ferri-diopside. Confirmation of the 
pyroxene crystal chemistry and details of site occupancy was attained from a 
Mossbauer and absorption spectroscopic study on a sample from Tugtutoq (Bell 
and Mao, 1972; Virgo 1972).
An isotopic study on four samples from the Nugarmiut peninsula showed
ftfithat the ultramafites possessed some of the lowest Sr /Sr ratios (~0.703) 
recorded from the Gardar province, being directly comparable to the 
carbonatites from Gronnedai-lka (Blaxland, 1976).
1.6 OBJECTIVES OF THIS STUDY.
The reconnaissance works mentioned above have not presented a detailed 
account of the discrete events involved in their complex cooling history, or the 
variation in mineralogy, mineral chemistry or whole-rock composition within or 
between the outcrops. Moreover, recent proposals that primitive compositions, 
like the TNU, may be derived directly from the mantle by extraction of a small 
percentage partial melt, opens the possibility that they may place constraints on 
the composition of the Gardar mantle. Furthermore, no mechanism has been 
proposed that accounts for the high oxygen fugacity which prevailed during their 
crystallisation, or to account for the textures, which are more reminiscent of 
metamorphic than igneous rocks. The objectives of this study are, therefore:
1) To present a detailed account of the geochemistry, petrography and 
mineral chemistry of the individual ultramafite outcrops.
2) To establish the cooling history of the ultramafites and to propose a 
mechanism(s) to account for their texture, layering, veining, high oxidation states 
and contact relationships.
3) To test the hypothesis that the ultramafites represent a primitive magma 
and (if so) to discuss what constraints they place on the composition of the 
Gardar mantle.
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4) To clarify the nature and composition of the rocks involved in this 
distinctive magmatic episode.
5) To propose the substitution schemes involved in the unique mineral 
assemblages and to infer their conditions of crystallisation.
Chapters 2-5 deal with the field relations, petrography, mineral chemistry and 
geochemistry of the ultramafites. A reconnaissance experimental study is 
presented in Chapter 6, while a discussion of the petrogenesis of the TNU is 
presented in Chapter 7. Initial mineralogical and geochemical work was carried 
out on a variety of samples supplied by B.J.G. Upton. This was followed by 
mapping and sample collection on a scale of 1:1000 (based on 1957 1:2000 
maps) in the summer of 1981. Detailed work commenced on these latter 
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Table 1.1 Simplified chronological scheme for the Gardar Province, S.W. 
Greenland (after Blaxland et al., 1978). Only relative chronology is shown. A 
vertical arrow indicates that the top event is younger than the bottom event. A 









Fig.1.2 Histogram recording the number and composition of dykes from 5 
traverses perpendicular to the Tugtutoq-llimaussaq dyke swarm (Martin, 1985). 
The total number of dykes analysed * 283, but the compilation excludes the 





This study is concerned with six outcrops of ultramafic rock that occur close 
to the settlement of Narssaq; four occur on the Nugarmiut peninsula (Nugarmiut 
1, 2, 3 and 4) and two occur on the island of Tugtutoq (Tugtutoq 1 and 2) (Fig. 
2.1). The low-lying ground of the peninsula (<40m above sea-level) is 
composed of a gabbro which forms the upper, sill-like expression of the YGDC 
(Upton, 1962). On the peninsula, exposure of the ultramafites is confined to the 
small coastal cliffs, generally <8m high, with inland exposure being poor. 
Access to the cliffs is good, only being restricted at a few localities. The 
Tugtutoq outcrops are also spatially associated with the YGDC, but they occur 
inland where exposure is quite poor.
The field relationships of these six exposures (Nugarmiut 1-4, Tugtutoq 1-2) 
will be described in Sections 2.2 to 2.7. Brief sample descriptions and locations 
are presented in Appendix A. The results of a preliminary investigation of a 
seventh ultramafite, located at Asalukasit (N.E. of Narssaq, Fig. 2.1), will be 
reported in Section 2.8. Two other outcrops of ultramafite, previously discussed 
by Upton and Thomas (1973), (i.e. Localities 5 and 6; Fig. 1 op. cit.) are no 
longer exposed. However, recent studies in the region (Larsen, 1977; Martin 
1985; Upton and Fitton, in press; Upton, unpublished data), have revealed that 
other ultramafic rocks occur as lavas, plugs and dykes throughout the province. 
Reference to these ultramafites will be made throughout the text, hence their 
locations have been shown in Fig. 1.1.
2.2 NUGARMIUT 1.
This outcrop of ultramafite is the smallest (~80m x 20m) on the Nugarmiut 
peninsula (Fig. 2.2), rising to a height of ~10m above sea-level.
The ultramafite itself is a dense, black or olive-green rock, which weathers to 
a rust-brown. No individual crystals are recognisable, the grain size being 
<0.2mm. A characteristic feature of all the TNU is the presence of veins (Plate 
2.1), but in this outcrop, in contrast to the others to be described, they are 
rather restricted, both in abundance and size. They vary in width from <1mm to 
~5cm, the small veins being composed of biotite, while the larger veins are
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polymineralic and bilaterally symmetrical, containing an inner core of coarsely 
crystalline olivine and an outer rim of fine-grained biotite. The veins form a 
curviplanar, sinuous network that locally may thoroughly dissect the ultramafite. 
They bifurcate and crosscut, with the smaller veins generally being planar and 
the early veins wide and sinuous. Coalescence of veins may give rise to 
pegmatitic segregations, composed predominantly of large (~2mm) micas and 
pyroxenes. The veins show no preferential orientation, predating the jointing in 
the rock, but appear to be less abundant close to, and absent in the gabbro.
The junction between the ultramafite and the gabbro may be located at the 
northern side of the outcrop. It is not a sharp contact but a broad transition 
zone (henceforth referred to as a contact-zone), some 2-3m wide, consisting of 
melanocratic material and elongate wisps of leucocratic material, which impart a 
flow-like texture to what is a very heterogeneous rock (Plate 2.1). The 
leucocratic material (typically ~20vol%) is feldspathic, while the melanocratic 
material (typically ~80vol%) is composed of magnetite and olivine, giving rise to 
a magnetic and extremely dense rock. With an abrupt decrease in magnetite 
and feldspar, this contact-zone rock passes into a relatively homogeneous and 
fine-grained ultramafite over a distance of <10cm. Rare magnetite-rich 
segregations occur within the ultramafite close to the contact-zone.
In contrast, the gabbro shows a sequence of changes on approaching the 
ultramafite. At -10m from the ultramafite the characteristic lamination of the 
gabbro is absent, the rock becoming less friable, hard and compact. Within 
4-5m, magnetite-rich and coarse-grained (-5cm) feldspathic segregations 
develop, increasing in concentration towards the ultramafite. The concentration 
of feldspathic material diminishes, marking the beginning of the contact-zone.
2.3 NUGARMIUT 2.
Nugarmiut 2 is substantially larger than Nugarmiut 1, the surface outcrop 
being approximately 200m x 50m and rising ~24m above sea-level (Fig. 2.3). 
The outcrop is cut by a N.E.-trending trachytic dyke belonging to the 
Tugtutoq-llimaussaq dyke swarm. The dyke shows sharp, well-chilled contacts 
and clearly postdates the ultramafite and its veins. In contrast, the contact of 
the ultramafite and the gabbro, exposed along the shoreline at the northern tip 
of the ultramafite, is complex. Again, within ~10m of the ultramafite, the gabbro 
loses its lamination, becomes magnetite-rich and develops coarse-grained 
feldspathic segregations. The 2-3m broad contact-zone is composed of 
leucocratic and melanocratic material, which passes into the fine-grained
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homogeneous ultramafite over a distance of <10cm. The contact may be 
located to within -5m and locally to within 1m over much of its path. Although 
exposure is poor, the contact-zone away from the coast (e.g. -24m above 
sea-level) appears relatively narrow (<1m), and pegmatite and magnetite-rich 
segregations within the gabbro are rare. However, dense magnetite-rich 
samples (e.g. 278034 and 278035) still occur between the gabbro and ultramafite.
The ultramafite is internally complex and may be arbitrarily divided into: 1) an 
outer zone, 2) a transition zone and 3) a central zone. The outer zone is 
homogeneous and appears identical to the ultramafite at Nugarmiut 1, being 
composed of a dense, olive-green to black, compact and fine-grained (<2mm) 
rock (Plate 2.2), permeated by relatively few ramifying veins (mainly micaceous) 
and containing only rare pegmatitic segregations. The homogeneous outer zone 
may be traced close to the gabbro throughout most of the outcrop, but appears 
widest (~50m) at the northern side and relatively thin (<10m) elsewhere. The 
zone therefore totally encircles the transition zone, separating it from the 
contact-zone (Fig. 2.3).
The concentration of veins within the transition zone is variable (Plate 2.3). 
Close to the central core, the vein-host ratio may be as high as 80:20 and 
locally imparts a brecciated appearance to the ultramafite. In this locality, these 
sinuous, near-vertical veins are rather broad (often up to 10cm wide), 
lemon-yellow and mineralogically complex. Later micaceous and calcite-rich 
veins are thin (<2mm) and follow less tortuous paths, often being curviplanar or 
planar.
Discrete, discontinuous (generally <2m), leucocratic layers, often 
lens-shaped in form, occur within the melanocratic rock of the transition zone. 
Contacts with the host are gradational over a distance of <1cm. When 
well-developed, these layers consist of dark, oval fragments (1-2mm) separated 
by a multitude of white veinlets, giving the unit a brecciated appearance. 
Typically, however, the transition zone is composed of a distinctive yellow 
ultramafite, often poor in mica but rich in ferri-diopside (such ultramafite will 
henceforth be termed ferrian-pyroxenite, Plate 2.2). Samples are rarely 
homogeneous and segregation of minerals is readily observed.
The central core consists predominantly of angular to subangular, micaceous, 
brown and rarer green-white (calcite and pyroxene) fragments, floating in a 
lemon-yellow pyroxenite host (Plates 2.2, 2.3). The individual fragments, which 
vary from <0.5cm-40cm are rarely seen in contact. A single fragment (278057) 
displays well-developed layering (Plate 2.3), as revealed by modal variation in 
ore and mica and opens the possibility that many other fragments may be the
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products of a layered sequence. Veins within the central core are notably rare 
and, if present, form insignificant, thin (<1mm) planar structures that clearly 
postdate the brecciation. Moreover, no fragment hosts an isolated vein.
2.4 NUGARMIUT 3.
The third ultramafite exposure on the Nugarmiut peninsula is somewhat 
smaller than Nugarmiut 2 (Fig. 2.4). The contact between the ultramafite and the 
gabbro is not exposed, but the characteristic marginal pegmatitic development 
and magnetite segregation may be observed on approaching the ultramafite 
along the coastal cliffs. Again, exposure away from the coast is poor, but the
t
gabbro in proximity to the ultramafite does not reveal any magnetite enrichment 
or pegmatitic development. The contact appears, therefore, to be quite distinct 
to the contact at sea-level.
Two trachytic dykes, believed to be members of the N.E.-trending 
Tugtutoq-llimaussaq swarm, show well-chilled contacts with the ultramafite. A 
third member of the Tugtutoq-llimaussaq dyke swarm also crosscuts the 
ultramafite, but its contacts are not sharp. This third dyke is a distinctive 
member of the swarm (Big Feldspar dyke (BFD), Bridgwater, 1967), and although 
poor exposure prevents this specific dyke from being traced into the gabbro, 
BFDs on Tugtutoq reveal sharp contacts with the YGDC, (i.e. they were emplaced 
after the cooling of the YGDC), while other BFD's are cut by the more evolved 
compositions of the Tugtutoq-llimaussaq dyke swarm. The trend of the BFD 
that cuts the ultramafite falls within the range of the swarm (i.e. 63°± 12, Martin, 
1985).
The ultramafite is again internally complex, but the majority of the rock is 
fine-grained (<2mm), and relatively uniform in colour and texture. As 
elsewhere, the reticulate veins are typically lemon-yellow vein complexes up to 
10cm wide and ramify throughout their host, locally isolating fragments of the 
melanocratic ultramafite. This black and dense ultramafite passes upwards into 
a yellow ferrian-pyroxenite, located above a height of ~-6-14m above sea-level. 
Segregation of minerals into mica-rich and ore-rich patches, 2-3mm in size, is a 
characteristic of this rock. Veins are notably scarce and are typically thin 
(<1mm), near vertical, planar structures, quite distinct from the flamboyant, 
lemon-yellow veins below this height. Pegmatitic segregations are also rare and 
enhance the contrast between the yellow ferrian-pyroxenite and the black 
ultramafite (Plate 2.4).
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This third exposure is notable for the well-developed leucocratic layers 
(Plates 2.4, 2.5) and layering (Plate 2.4), both well exposed in an isolated block 
2-3m from the gabbro-ultramafite contact at the northern end of the ultramafite.
, ^->
In detail the layering is complex, consisting of discontinuous lens-shaped bodies 
which range in thickness from <1cm-20cm and dip between 15-35°N.E. Few 
layers are traceable for more than 3m. There are four distinct units within the 
layered sequence: viz. 1) leucocratic layers, 2) micaceous layers, with or without 
white pips, 3) mica-poor layers with occasional leucocratic or pegmatitic 
patches and 4) mica and pyroxene-rich layers that reveal fine-scale segregation 
of both minerals.
A leucocratic horizon (unit 1 above) forms the most laterally extensive layer, 
extending for a distance of ~6m but is of unknown thickness. It is identical to 
other leucocratic layers to the south and is similar to the layers at Nugarmiut 2 
and 4. When well-developed, these layers clearly consist of dark, almost black, 
oval-shaped fragments (pyroxenite) of near uniform size (~2mm), enclosed by a 
web of a white microcrystalline matrix (opaque oxide free) which gives the 
horizon a brecciated appearance (Plate 2.4). The boundaries with the 
surrounding rocks are invariably sharp, but are irregular and gradational over a 
distance of ~1-2cm (Plate 2.5).
The micaceous layers, with or without white pips (unit 2 above), form most 
of the layered sequence (Plate 2.4). Their brown-yellow colour is distinctive and 
reflects the concentrations and modal variations in mica and pyroxene. Mica, 
which frequently is locally abundant and gives rise to thin (<2mm) mica-rich 
layers, shows a strong lamination; a lamination parallel to the dip of the layers. 
The white pips are oblate and may coalesce, forming layers up to 1-2cm thick 
and enhancing the layered structure in the area. The pips:matrix concentration 
varies greatly and may locally be as high as 40:60.
The brown-yellow micaceous layers (unit 2) contrast with the yellow 
pyroxene-rich layers, unit 3 above. The latter are characterised by hosting 
coarse-grained (2cm) pegmatitic segregations, rich in mica and a'mphibole, or 
thin 10cm x 2cm elongate, leucocratic layers, identical to unit 1 above. Unit 4 
consists of thick layers (>10cm) composed of fine-grained mica and ore-rich 
segregations (<1cm diameter), enclosed in a brilliant yellow, mica-free matrix. 
The texture, although on a finer scale, is reminiscent of the brecciated rock 
forming the central core of Nugarmiut 2. Veins in this area are scarce. Those 
that are present tend to be thin (<0.5cm), often vertical and crosscut all layers.
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2.5 NUGARMIUT 4.
This outcrop, <1km from the Narssaq settlement, is the largest studied (Fig. 
2.5). Exposure in the region is poor, being restricted to the coast and to the 
isolated outcrops in the south. Consequently, little is known about the shape or 
size of this outcrop, but it is believed to cover an area of -300m2 . The 
ultramafite is cut by a single member of the Tugtutoq-llimaussaq dyke swarm 
and the dyke, with chilled contacts, clearly postdates the ultramafite. The age 
relationships are further confirmed by the presence of two or three gabbroic 
fragments within the ultramafite. Although extensively modified, and occurring 
close to the contact-zone, these are believed to be xenoliths.
Below a height of ~8-10m above sea-level the ultramafite is a dark, 
fine-grained, dense rock and as usual, is permeated by lemon-yellow, 
curviplanar veins and vein complexes, which are generally devoid of 
melanocratic minerals (Plate 2.6). Typically, the vein complexes are 1-10cm 
wide, consisting of multiple, interlacing veins which bifurcate, brecciating their 
host as they follow their anastomosing path through the ultramafite. Locally, 
olivine megacrysts (<1cm), which are preferentially resistant to weathering, 
impart a nodular appearance to the ultramafite (Plate 2.6). The megacryst:matrix 
ratio is highly variable, ranging from 30:70 to virtually aphyric, the higher ratios 
occurring away from the gabbro - ultramafite contacts.
Leucocratic layers, as described in Section 2.4, occur as <2m wide lensoid 
bodies, extending laterally for ~20m. Contacts between the melanocratic and 
leucocratic rocks are relatively sharp, being gradational over 1cm or less (Plate 
2.5). Brecciation close to the contact may occasionally be observed. Veins in 
the vicinity, or within the leucocratic layers, are notably scarce. The 
melanocratic ultramafite described above passes gradually into a brilliant yellow 
ferrian-pyroxenite, located above a height of 6-18m. Towards the 
ferrian-pyroxenite, veins become less abundant, their boundaries become more 
diffuse and in the ferrian-pyroxenite itself they are scarce, confined to white, 
thin (<2mm), near vertical planar sheets. The absence of olivine megacrysts 
gives the rock a relatively homogeneous texture.
Above a height of ~-16m, the ferrian-pyroxenite is well layered and currently 
forms the highest topographical level of the exposure (Plate 2.7). The layers dip 
between 30-40°N.E. and together form a unit <20m thick, extending laterally for 
<40m. Individual layers are sharply defined planar slabs, formed by the modal 
variation in mica, ore and pyroxene. Rhythmic repetition of the layers is not
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seen and magmatic sedimentary features are absent. The pyroxene-rich layers 
dominate the sequence, while the ore-rich and mica-rich layers are rarely >8cm 
thick and often <1cm. Pyroxene-rich layers may host elongate (2cm x 0.5cm) 
white blebs, which lie parallel to, and enhance, the layered structure. Less than 
10m to the N.E. of the layered sequence, gabbro crops out.
2.6 TUGTUTOQ 1.
Tugtutoq 1 is located to the east of Store Pileso, where the YGDC and OGDC 
dykes intersect (Fig. 2.6). The outcrop is confined to six small, isolated 
exposures that together cover an area of <100m 2 . The border zone of the 
YGDC is readily identified by the clusters of stellate plagioclase crystals (Upton, 
1964). Immediately below this locality, near horizontal diffuse veins of 
ultramafite appear to permeate the gabbro.
The remaining exposures reveal that the ultramafite is rich in olivine 
megacrysts, mica and locally in ferri-diopside. Vugs (<1cm), pegmatitic 
segregations and veins are all present and appear to contain a high modal 
proportion of ferri-diopside and mica. The veins are relatively sparse and 
generally less well-developed than those observed on the Nugarmiut peninsula.
2.7 TUGTUTOQ 2.
The Tugtutoq 2 ultramafite is located at the apex of the constriction in the 
YGDC (Figs. 2.1, 2.7). Exposure is moderately good and suggests that it is a 
plug-like body, no greater than 80m in diameter. The gabbro - ultramafite 
contact is not exposed, but the gabbro appears dull and baked in the vicinity of 
the ultramafite. In contrast, the basement granite - ultramafite contact is 
exposed. The area to the south of the ultramafite plug is brecciated, while the 
ultramafite itself contains angular to spherical fragments of granite.
The ultramafite itself is a black rock and apart from the veins, rather uniform 
in appearance. The veins which range in width from <1mm to -5cm are 
usually bisymmetrical, polymineralic and ramify throughout the whole exposure, 
occasionally giving rise to localised pegmatitic segregations. All samples 
contain rounded, often corroded olivine megacrysts (<1cm), their abundance 
varying from -10% to 1%.
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2.8 ASALUKASIT.
A reconnaissance investigation has been made on this small ultramafite 
(-5m x 40m), that forms part of the low-lying sea cliffs on the north coast, E. of 
Narssaq (Fig. 2.1). The western contact of the ultramafite with the Narssaq 
granite is sharp and nearly vertical, as is its eastern contact with the quartzites 
of the Eriksfjord Formation. The ultramafite becomes hard and very fine-grained 
at both contacts and this has been interpreted as evidence of rapid cooling. The 
upper contact of the ultramafite with the quartzites- consists of a horizontal, 
green, brecciated zone (~10cm wide), located ~5m above sea-level.
The ultramafite is a very fine-grained, dense, black rock, with rare micaceous 
vugs. It is generally devoid of the veining observed in the Nugarmiut 
ultramafites.
2.9 DISCUSSION.
From the foregoing descriptions it is readily apparent that the TNU have 
undergone a complex history. The presence of megacrysts (phenocrysts?) in a 
very fine matrix implies that the ultramafites may once have been liquid. Based 
on the ultramafite - gabbro contact alone it is difficult to ascertain their relative 
ages with any degree of confidence. The characteristics of the contact-zones 
appear to be quite distinct, depending on their location within the ultramafite. 
They are also quite atypical of those found between the YGDC and the older 
granites and sediments in the region, and also between the younger members of 
the Tugtutoq-llimaussaq dyke swarm and the older YGDC; these contacts are 
sharp and all show signs of rapid cooling.
The mixture of melanocratic and leucocratic material that forms the 
contact-zone may be interpreted as either a reaction zone between an earlier 
ultramafite (xenolith?) and its host gabbro (an hypothesis enhanced by the 
mineral textures in the ultramafites, which are "reminiscent more of 
metamorphic than normal igneous textures" (Upton and Thomas, 1973)), or as a 
zone representing the remobilisation of the gabbro by the high temperature 
ultramafite. Prior to discussing the merits of these two diametrically opposed 
views, the sequence of magmatic events in the district requires clarification. 
From field observations it has been established that;
1) the earliest members of the Tugtutoq-llimaussaq dyke swarm are the OGDC 
and the YGDC. No dyke in the district (apart from the rare BDOs) are cut by
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them.
2) the majority of the dykes of the Tugtutoq-llimaussaq swarm fall within the 
swarms trend of 63°± 12° (Martin, 1985).
3) the BFD's are intersected by all members that postdate the emplacement of 
the YGDC.
4) ultramafic lamprophyres and carbonatite dykes of the swarm were emplaced 
throughout the period of dyke injection (Upton and Fitton, in press).
5) the Nugarmiut ultramafites were emplaced prior to the intrusion of the late 
members of the Tugtutoq-llimaussaq dyke swarm (Section 2.3).
Considering the two alternatives outlined above, the proposal that the 
ultramafites are older than the YGDC is at variance with;
1) the absence of any recorded magmatic activity, ultramafic or otherwise, prior 
to the emplacement of the OGDC and YGDC in the region during the final 
Gardar episode, although there are some older ultramafites e.g. in the Eriksfjord 
Formation.
2) the occurrence of poorly chilled contacts on the BFD cutting the ultramafite. 
All known BFD's postdate both the OGDC and YGDC and it is considered unlikely 
that this specific BFD was emplaced prior to the YGDC; consequently the poorly 
defined contacts cannot be attributed to metamorphic processes.
3) the linear N.NW. alignment of the ultramafites. If the ultramafites are 
envisaged as xenoliths brought up by the YGDC, then this alignment must be 
purely fortuitous. The alignment does not necessarily dismiss the inferred age 
relationships if it is proposed that the ultramafites were in their present location 
prior to the emplacement of the YGDC.
4) the refractory nature of the ultramafites. Even the intrusion of the massive 
and dry OGDC and YGDC into the "basement" granite has resulted in knife-sharp 
contacts, with minimal back-veining from the granite, and extremely slight 
metamorphism (Upton, 1962, 1964). It is suggested that it would be 
unreasonable to expect extensive modification of an ultramafite, unless, perhaps, 
the ultramafite had a high volatile content.
5) the internal structure of the ultramafite. If the ultramafites are older than the 
YGDC, how many (if any) of the features previously described (e.g. layering, 
brecciation, veining) may be considered as primary? The veining is one of the 
later events, and appears to be genetically related to the ferrian-pyroxenite. If 
the veining is attributed to a process initiated by the intrusion of the YGDC, then 
so must be the formation of the ferrian-pyroxenite. This would be consistent 
with the mineral textures, which are discussed in greater detail elsewhere 
(Section 3.11), but which reveal that that the ferrian-pyroxenites display
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curviplanar grain boundaries and simple 120° grain boundary intersections which 
could be attributed to metamorphic processes. However, the spatial distribution 
of the ferrian-pyroxenites is at variance with such a suggestion. The 
ferrian-pyroxenites are not necessarily located in proximity to the gabbro, but 
occur either around a centrally located breccia (Nugarmiut 2) or geographically 
above ~10m above sea-level, below which is an olivine-pyroxenite. This spatial 
distribution is considered inconsistent with the proposal that the intrusion of the 
YGDC postdated the ultramafite. Alone, such a sequence of events would be 
expected to reveal the greatest effects of metamorphism in proximity to the 
YGDC.
6) no xenoliths of the Eriksfjord sandstones or basalts have been recorded from 
the YGDC. It would be fortuitous if the only examples of xenoliths were of the 
very rare ultramafic rocks of the district.
In contrast the proposal that the ultramafites are younger than the YGDC 
overcomes the inconsistencies outlined above and is consistent with:
1) the occurrence of gabbroic xenoliths within the ultramafite, albeit close to the 
contact-zone.
2) the established sequence of magmatic events in the region; namely that the 
BFDs postdate the YGDC. The poor chill contacts on the BFD, when in contact 
with the Nugarmiut 3 ultramafite, are then evidence of the BFD being intruded 
prior to the cooling of the Nugarmiut ultramafite.
3) the inferred age relationships of the Tugtutoq 2 intrusion, which postdates the 
YGDC, and yet possesses characteristics similar to those of the Nugarmiut 
ultramafites.
4) the N.NW. alignment of the ultramafites would be consistent with the 
Nugarmiut outcrops being interconnected to form a sheet-like intrusion, no less 
than 90m thick, dipping gently to the N.E. and roughly conformable to the modal 
layering and feldspar lamination in the YGDC (Upton, 1964). The transition from 
the olivine-pyroxenite to the ferrian-pyroxenite in Nugarmiut 3 and 4 may then 
represent the upper (Proofing) facies of the sheet.
The evidence outlined above supports the proposal that the Nugarmiut 
ultramafites postdate the emplacement of the YGDC and the inferred age 
relations are thus in accordance with the conclusion drawn by Upton, (1962, 
1966), and Upton and Thomas, (1973).
The ubiquitous veins appear to form an integral and characteristic part of the 
Tugtutoq and Nugarmiut exposures. The veins are quite distinct in form and 
mineral content from the planar sets of parallel veins that are associated with 
joints and which may host late-stage, often low temperature mineral
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assemblages, with individual minerals being euhedral and growing perpendicular 
to the joint face. The Nugarmiut veins are, however, in keeping with extensive 
hydrothermal activity, giving rise to brecciation and anastomosing veins, known 
to occur during the late-stages of crystallisation. It is further noted that the 
ultramafite at Asalukasit, located away from the YGDC, is the only ultramafite 
devoid of such veins.
It is suggested, therefore, that the Nugarmiut ultramafites;
1) are younger than the YGDC and hence the OGDC (1154± 16Ma, Upton et al., 
in press), but are older than the later members of the Tugtutoq-llimaussaq dyke 
swarm, which themselves are cut by the Ilimaussaq and Tugtutoq central 
complexes (1143± 21 Ma, 1124± 20 Ma, Blaxland et al., 1978; Martin, 1985). The 
ultramafites were therefore emplaced between 1154Ma and 1143Ma, i.e. 
~1150Ma.
2) are related to each other and may form a sheet-like structure (albeit 
irregular), in which the higher parts are characterised by a ferrian-pyroxenite and 
the lower parts by a black ultramafite.
3) appear in many respects to be similar to these outcrops at Tugtutoq 1, 2 and 
at Asalukasit.
Furthermore, based solely on the field relationships, the following relative 
stages are proposed for the evolution of the Nugarmiut outcrops: 
Stage 1. The emplacement of the ultramafite magma into the YGDC. The 
magma was apparently liquid with olivine megacrysts. Partial remobilisation and 
recrystallisation of the YGDC occurred, together with abundant olivine and 
magnetite crystallisation, giving rise to the contact-zone.
Stage 2. Rapid crystallisation gave rise to a very fine-grained ultramafite. 
However, the mechanism that gave rise to the layering (Stage 3) must have had 
time to operate.
Stage 3. Development of the layering. Its development at this stage is 
consistent with the apparent lack of any veined sample within the central zone 
breccia.
Stage 4. Henceforth the relative age sequence is more obscure. The dominant 
flamboyant veins are clearly secondary to the crystallisation of the ultramafite in 
the lower part of the intrusion. Equally clearly, they are intermittently associated 
with the ferrian-pyroxenite; either originating from, or causing the development 
of this rock type. Furthermore, they are abundant in proximity to, but never cut, 
the central zone breccia at Nugarmiut 2. They never cut or occur in proximity to 
the leucocratic layers, but are occasionally cut by the thinner, planar veins, 
which cut all of the above rock types. Stage 4 is, therefore, concerned with the
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development of the flamboyant veins, ferrian-pyroxenites, breccias, leucocratic
layers and pegmatitic patches. The relative ages of these individual
characteristics cannot be established.
Stage 5. The development of thin (<2mm) planar veins.
Stage 6. Final cooling of the ultramafites.












Fig.2.1 Geological sketch map of the Tugtutoq-Narssaq district showing the 
location of the Tugtutoq-IMugarmiut ultramafites.




v • I Olivine-pyroxenite.
Fig.2.3 Sketch map of the Nugarmiut 2 exposure. Gabbro-ultramafite contact 
located to < 10m.
I I YGDC gabbro and other dykes of the Tugtutoq-llimaussaq swarm. 
[vTi Outer zone of the ultramafite.
v Transition zone of the ultramafite.
Wl Central zone of the ultramafite.
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Fig.2.4 Sketch map of the Nugarmiut 3 exposure. Gabbro-ultramafite contact 
located to <10m.
[ | YGDC gabbro and other dykes of the Tugtutoq-llimaussaq swarm.
|j';| Olivine-pyroxenite.
r/SI Perrlan-pyroxenite.
Fig.2.5 Sketch map of the Nugarmiut 4 exposure. Gabbro-ultramafite contact 
located to ~10m.
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Fig.2.6 Location map of the Tugtutoq 1 exposure.
I I Basement granite.
OGDC.
YGDC.
I \ :•: : YGOC :•:!>•'
TUGTUTOQ 2 
ULTRAMAFITE
Fig.2.7 Sketch map of the Tugtutoq 2 exposure. Ultramafite contacts located to 
within —10m. Location shown in Fig.2.1.
Basement granite.
r7?! YGDC.
L ' » I
D Ultramafite.
PLATE 2.1
Plate 2.1A The typical gabbro of the YGDC located -40m away from
Nugarmiut 1, on the northern tip of the Peninsula.
Plate 2.1B Magnetite-rich segregations located ~8m from the Nugarmiut 1
ultramafite.
Plate 2.1C Coarse-grained pegmatitic segregations ~4m from the
Nugarmiut 1 ultramafite.
Plate 2.1D The contact-zone (CZ) between the homogeneous ultramafite
(UM) and the gabbro (GB). North contact Nugarmiut 1
Plate 2.1E Typical sample from the contact-zone showing dominantly
melanocratic material (olivine) with feldspathic wisps that host magnetite
euhedra.
(Scale bar divisions are in mm).
Plate 2.1F The typical flamboyant veins, locally giving rise to small
coarse-grained segregations (arrowed). The veins consist of a central core
of coarsely crystalline ferri-diopside and olivine and a border zone
consisting of a fine-grained assemblage containing garnet, sphene, chlorite




Plate 2.2A Homogeneous olivine-pyroxenite (sample 278012) quite typical
of the Nugarmiut 1 ultramafite and the outer zone of Nugarmiut 2.
(Scale bar divisions are in mm).
Plate 2.2B Sample of the breccia (278077) from the central zone Nugarmiut
2. The rock consists predominantly of micaceous fragments floating in a
yellow matrix, rich in ferri-diopside. Black coarse-grained magnetites form
a minor part of the breccia. The whole block is permeated by thin, planar
veins composed predominantly of calcite, that cut both fragments and
host. Locally (left centre) areas are rich in sphene, apatite, magnetite and
diopside.
(Scale bar divisions are in mm).
Plate 2.2C Ferrian-pyroxenite (sample 278119) rich not only in pyroxene but
also in magnetite and cut by numerous calcite-rich planar veins. The
segregation of minerals into areas rich in opaque minerals and those rich
in pyroxene is visible. The irregular leucocratic area is associated with a




Plate 2.3A Typical ramifying veins within the transition zone, Nugarmiut 2,
giving rise to coarser grained segregations.
Plate 2.3B Detail of the layered sample within the central-zone, Nugarmiut
2. The sample consists of four distinct layers, each composed of a
different modal assemblage. At the base (1) coarse-grained crystals of
phlogopite, ferri-diopside, opaque minerals and olivine occur and are
overlain by an opaque-rich layer (2) which becomes increasing rich in
mica. Layer 3 consists of mica, olivine and opaque minerals. The upper
most layer (4) is rich in olivine, an opaque mineral and mica. This is the
only occurrence of olivine found within the central-zone.
(The total height of the vein is ~20mm.)
Plate 2.3C The layered sample described above occurring within the central
zone breccia at Nugarmiut 2.
Plate 2.3D A typical breccia of the central zone, Nugarmiut 2. Angular
micaceous fragments (dark) together with less angular, calcite rich
fragments (white) are visible within the host pyroxenite.
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PLATE 2.4
Plate 2.4A and B Part of the layered sequence at the northern contact of
Nugarmiut 3. Several layers may be identified. At the centre top,
coarse-grained (3) segregations are visible that pass down into a relatively
homogeneous pyroxenite (4). Horizon 2 is the distinctive micaceous
horizon with white pips (olivine megacrysts). The pips appear to be
concentrated in horizons and form coalescing chains (Plate 2.4B). The
whole sequence is cut by thin planar veins, just discernible.
Plate 2.4C A leucocratic horizon within the olivine-pyroxenite at Nugarmiut
3. This example is one of the most extensive observed, extending laterally
for ~10m.
Plate 2.4D Pegmatitic segregation from the ferrian-pyroxenite. The
segregation consists of an interlocking mesh of euhedral ferri-diopsides
and mica, with interstitial albite, calcite and sphene. The boundary with
the host rock is delineated by a mica-rich region, which gradually passes
into a perovskite bearing ferrian-pyroxenite.
Plate 2.4E Leucocratic horizons within the olivine-pyroxenite at Nugarmiut
3. Neither horizon is laterally extensive and illustrates the localised form
that the horizons take.
Plate 2.4F Two samples (278097, 278101) showing the detail in the
leucocratic horizons. The dark areas are opaque-rich while the light matrix
consists of garnet monticellite and vesuvianite and is devoid of opaque




Plate 2.5A The Plate illustrates the strong contrast between the dark 
olivine-pyroxenite and the leucocratic horizons. Two such horizons are 
visible, one in the centre and a second minor horizon in the top left. The 
lower boundary between the two rock types is more irregular than usual. 
Plate 2.5B Detail of the contact between the pyroxenite and the leucocratic 
horizon. The dark pyroxenite consists of ferri-diopside, phlogopite, olivine, 
opaque minerals and perovskite. Fragments of the host are clearly 
preserved at the boundary with the leucocratic area, but become less well 
defined away from the host rock. The leucocratic area is characteristically 
devoid of opaque minerals and rich in garnet. 
(Scale bar is divided into mm).

PLATE 2.6
Plate 2.6A Olivine-pyroxenite from near sea-level at Nugarmiut 4. The
nodular appearance is due to olivine megacrysts which are preferentially
resistant to the effects of weathering. Minor veins may also be observed.
Plate 2.6B Typical bisymmetrical vein with well defined contacts in a
nodular olivine-pyroxenite (Nugarmiut 4).
Plate 2.6C Typical vein within the olivine-pyroxenite.
Plate 2.6D Typical veins within the olivine-pyroxenite at Nugarmiut 4. The
wider veins may be seen to be cut by a thin planar vein. Neither appear
related to the joints within the host pyroxenite.







Plate 2.7A The layered sequence located at the S.E. contact of the 
ultramafite and the gabbro at Nugarmiut 4. The layers which dip at 
-25-30° N.E. consist of varying proportions of opaques (IL's, MT, PB), mica 
(which forms the dark bands) and pyroxene (the lighter bands). The rock 






The reconnaissance study of the TNU (Upton and Thomas, 1973) showed that 
the rocks are predominantly composed of clinopyroxene, olivine, Fe-Ti oxides 
and mica. This study has revealed a wider variety of highly localised mineral 
assemblages, imparting a fine-scale heterogeneity that makes rock classification 
difficult. The rocks have, therefore, simply been named according to their 
dominant mineral content, (e.g. olivine-pyroxenite, ferrian-pyroxenite, micaceous 
ol-pyroxenite). Despite the high modal content of the opaque phases, they have 
not been incorporated into the rock name, as the phases cannot be identified in 
normal thin sections. The characteristic minerals present in the thin sections 
studied are given in Appendix A. In the following petrological descriptions, the 
term opaque phase(s) or opaque mineral(s) has been used for any sulphide or 
Fe-Ti-Mg oxide. The mineral compositions quoted have been determined by 
E.M.P. analysis and will be discussed in greater detail in Chapter4.
3.2 NUGARMIUT 1.
Nugarmiut 1 is one of the more homogeneous outcrops of the ultramafite. 
Veins are relatively rare and thin (<2mm), but occasionally coalesce, giving rise 
to coarse-grained (~2mm) segregations, of mica, amphibole, apatite and opaque 
minerals, including Fe-Cu sulphides and Fe-Ti oxides. The host rock is an 
olivine-pyroxenite, composed of clinopyroxene, olivine, opaque minerals and 
mica together with minor amounts of apatite, sphene, chlorite and serpentine.
The clinopyroxenes range in size from ~2mm in the segregations down to 
~0.3mm in the host pyroxenites. They are ferri-diopsides (CaMgSi205- 
CaFe2SiOs), which are yellow-brown in thin section, exhibit weak pleochroism 
and anomalous inky-blue interference colours. Rare zoned crystals of pyroxene 
have rims of a more intense yellow colour than their cores. The zoning is
0 +
indicative of an increasing Fe content in the pyroxene (Huckenholz et al., 
1969). This zonation sequence is observed in many of the pyroxenes and will 
henceforth be referred to as normal zoning. Grain boundaries between 
neighbouring pyroxene crystals are straight or slightly curved, and grain 
boundary intersections have apparent angles close to 120° (Plate 3.1).
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Between 30 to 40% of the rock is composed of opaque minerals (Plate 3.2). 
Both ilmenite (strictly ilmenite-haematite solid solution) and magnetite (strictly 
ulvospinel-magnetite solid solution) occur, with the ilmenite:magnetite ratio 
varying from 30:70 to 40:60. The magnetites show dark pleonaste lenses and 
fine-scale (<10u.m) trellis, composite and sandwich type exsolutions of ilmenite 
(using the terminology of Haggerty, 1976a). The magnetites, <0.3mm in size, 
are generally anhedral. Their grain boundaries are slightly curved, with the 
opaque phase partially extending along the grain boundary intersections of the 
neighbouring silicates. Ilmenite crystals are of a similar size to the magnetites, 
but are frequently subhedral, and partially enclosed by the magnetites. The 
ilmenites rarely show any sign of exsolution, but when present it consists of 
sigmoidal wisps of haematite. Both magnetite and ilmenite may occur as 
discrete rounded crystals enclosed by a silicate phase. In localised areas both 
are jacketed and partially replaced by sphene, suggesting a late-stage reaction 
between the oxide mineral and a Ca- and Si-bearing phase.
Olivines (Fogs) occur as small (~0.3mm) anhedral to subhedral grains, or as 
crystal aggregates, with three or four crystals occurring together, all in differing 
optical orientations. Straight grain boundary contacts and apparent 120° 
intersections are common. The olivine crystals often contain planes of small 
(<15um) inclusions and numerous opaque minerals, but are generally free from 
any low temperature hydrothermal alteration.
Subhedral crystals of a strongly pleochroic mica have been identified as a 
Ba-rich Ti-phlogopite (Section 4.3.4). Typically, these small (<0.5mm) crystals 
partially surround the opaque phases and their associated olivines, and contain 
three sets, 120° apart, of needle-shape inclusions that lie parallel to the (001) 
cleavage plane. They have been identified tentatively as rutile. These mica 
crystals are quite distinct from the micas found in the pegmatitic segregations, 
where they are stubby euhedral prisms, free from any sign of exsolution, but 
poikilitically enclose euhedral apatites and spinels.
3.3 NUGARMIUT 2.
The three distinct units in this outcrop (Section 2.3) are:
1) An outer zone (Section 3.3.1)
2) A transition zone (Section 3.3.2)
3) A central zone (Section 3.3.3)
36
3.3.1 THE OUTER ZONE.
This zone is composed of an olivine-pyroxenite grading into an 
olivine-mica-pyroxenite (Plate 3.1). Minor phases (<5%) include apatite, chlorite 
and serpentine. Petrographically the rock is virtually identical to that at 
Nugarmiut 1, however the following differences are observed.
Clinopyroxenes are more strongly coloured (yellow) than those previously 
described, and where their modal concentration is high, the texture is typically 
granoblastic-polygonal.
In contrast to the first outcrop, the modal proportion of mica is often higher, 
varying from 5% to 30%. These micas are often stubby (0.2 by 0.1mm) crystals 
bounded by (001) planes and smooth curvilinear contacts, they do not contain 
rutile needles and are not invariably associated with the opaque phases. 
Pleochroism is strong and normal in straw-yellows and browns. Rarely, the 
micas may enclose rounded crystals of olivine, pyroxene and opaque minerals. 
Mica was clearly a late crystallising phase.
3.3.2 THE TRANSITION ZONE.
This zone contains a wide variety of mineral assemblages, localised on the 
scale of 1cm to 10cm; a heterogeneity that cannot be overstressed. Typically 
the rock is a fine-grained (~0.3mm) perovskite-bearing ferrian-pyroxenite, with 
micas and opaque minerals together with olivine, apatite, calcite, garnet, 
chlorites and cuspidine, in highly variable proportions. The segregation of 
minerals into areas (~2mm by ~4mm) rich in mica, opaque minerals, perovskite 
and rare pseudobrookite and into coarse-grained (---0.5mm) pyroxene-rich areas, 
is commonly observed (Plate 3.3).
The Clinopyroxenes within the mica-pyroxenite are an intense and brilliant 
yellow, with a pleochroic scheme of a=green-yellow and Y = Vel|ow. Normal 
zoning may be observed in these crystals, which range in size from ~0.05mm to 
~0.5mm. They have poorly developed cleavage, and equilibrium grain 
boundaries (Plate 3.1). Inclusions within the pyroxenes are common, and are 
generally small (<0.05mm) rounded opaque minerals and perovskite. Pyroxene 
crystallisation clearly proceeded after the crystallisation of perovskite and 
opaque minerals.
The modal proportion of mica is highly variable, but all crystals are prisms 
(~0.5mm by ~0.2mm) bound by straight (001) surfaces and smooth curvilinear 
contacts. Occasionally, mica poikilitically encloses rounded pyroxenes, 
perovskites and opaque minerals, suggesting that it is a late crystallising phase.
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All.micas are strongly coloured and have normal pleochroism. Preferential 
orientation of the micas may be observed in some specimens.
The opaque minerals occur as isolated subhedral crystals,
as aggregates up to 1mm in diameter, or as small (~0.5mm) rounded crystals 
enclosed in the silicate phases. The inclusions have been optically identified as 
ilmenite, which has undergone oxidation to produce ferrian-ilmenite lenses in a 
titanohaematite host, and as magnetite, (the major opaque phase), the crystals 
being tan coloured in reflected light but having no pleochroism. Exsolution and 
oxidation processes have produced small lenses of ilmenite and dark lenses of 
spinel. Rare subhedral ilmenite crystals may be seen surrounded by magnetites, 
and appear to be free from any sign of oxidation. Minor amounts of covellite 
and pseudobrookite have also been identified.
The characteristic mineral of this zone is perovskite. It is observed in the 
same samples as those containing ilmenite and magnetite (Plate 3.2), but is 
rarely associated with pseudobrookite. Perovskite occurs as small (~0.5mm), 
subhedral or euhedral crystals surrounding the opaque phases and also occurs 
as discrete euhedral crystals enclosed in the silicate. The presence of 
perovskite enclosed within a silicate indicates that a Fe-Ti oxide was not 
necessary for crystallisation to occur. The crystals are strongly coloured but 
their low birefringence and characteristic multiple twinning can readily be 
observed.
Apatites are far more common in this zone than in the previous locations. 
The crystals are rarely euhedral or greater than 0.1mm in size. Fluid inclusions 
within the apatites are common.
Olivines (Fog4) are rare, but when present they occur as large (~0.5mm to 
1.0mm) anhedral crystals enclosing zoned pyroxenes, perovskites, opaque 
minerals and micas. The number of inclusions increases towards the rim of the 
crystals, and eventually olivine is present only along the grain boundaries. If 
mineral segregation has occurred, then the olivine crystals occur with the mica, 
perovskite and opaque minerals.
Localised areas within the transition zone are rich in a garnet that has been 
identified as belonging to the andradite-schorlomite group (Section 4.6.4). They 
range in colour from deep golden-brown to yellow-brown to colourless, with 
the individual crystals often being strongly zoned. The rims are invariably less 
strongly coloured than the cores and are occasionally birefringent (grey-white) 
(Plate 3.3). Many of the crystals retain a core of an oxide phase, with or without 
its perovskite jacket, or a core of colourless diopside. Euhedral garnets are rare, 
but many show some crystal faces.
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The first sign of garnet development may be seen along the contacts of the 
major phases (Plate 3.4). Here the garnet is evenly distributed, occasionally 
developing along the cleavage planes of the micas. With further development of 
garnet the micas lose their colour, and the opaque minerals, together with their 
jacket of perovskite granules, are totally enclosed by the garnet. Extensive 
garnet development produces a leucocratic rock composed of localised areas of 
colourless diopside and colourless mica, together with clinochlore, serpentine, 
olivine, calcite, apatite and rare cuspidine (Plate 3.5). Relict patches of yellow 
pyroxene, perovskite, mica and opaque minerals may be preserved. The garnets, 
therefore, appear to have been formed by a reaction involving the major phases 
and residual fluid.
In strong contrast, in areas where perovskite and the opaque minerals are 
noticeably less abundant, and where apatite becomes a major phase (>10%), 
garnet encloses the rare opaque minerals and also forms small rounded 
( —0.5mm) and often coalescing crystals within the yellow pyroxene, and less 
frequently within the micas. Both the pyroxene and the micas retain their colour 
and have curvilinear contacts with the adjacent garnet. Such textures imply that 
the garnets crystallised simultaneously with the major phases and are not a 
reaction product (Plate 3.5).
3.3.3 THE CENTRAL ZONE.
The central zone is characterised by a heterogeneous micaceous 
ferrian-pyroxenite, consisting of varying proportions of pyroxene and mica, 
together with opaque minerals and minor amounts of apatite and sphene. 
Perovskite and olivine have not been found in this zone. The typical rock is 
divisible into two distinct areas (Plate 2.2);
1) The pyroxenite matrix.
2) The mica-rich fragments.
The pyroxenite matrix (item 1 above) consists of pyroxene, together with 
mica, opaque minerals and apatite. While the dominant phase is pyroxene, there 
is a wide spectrum in the modal proportions. The brecciated appearance is 
often not visible in thin section. The pyroxenes are typically yellow, but are 
strongly zoned, with the cores occasionally being colourless.
The mica-rich fragments (item 2 above), consist of subhedral to euhedral 
crystals of mica, up to 4mm in size. Such large crystals occur away from the 
pyroxenite matrix, being concentrated in the cores of the mica-rich fragments, 
and enclosing numerous small (<0.2mm) rounded pyroxenes, together with 
apatites and opaque minerals. However, the majority of the micas are small
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crystals (0.5mm by 0.2mm), strongly but irregularly coloured, with a normal 
pleochroic scheme involving straw-browns and red-browns. These strongly 
anisotropic minerals have curvilinear grain boundary contacts with the
neighbouring crystals and despite their tabular nature, no preferential orientation
2 can be observed, except on the very localised scale (—1mm ). The opaque
phases, which can be in a near equal concentration to the micas, are either 
titanohaematites with sinuous grey lenses of ferrian-ilmenite, or are poikilitic, 
tan coloured magnetites, partially oxidised to white maghaematite(?) and 
occasionally jacketed by sphene.
While the majority of the mica-rich fragments have no distinct cores, some 
not only contain the large poikilitic crystals of mica (described above), but also a 
mica-free area consisting of opaque minerals, pyroxene and a substantial 
(-10%) amount of apatite (Plate 2.2). The pyroxenes are quite variable in size 
and the granoblastic-polygonal texture, typical of the crystals in the pyroxene 
matrix, is poorly developed. Zoning, if present, is reversed, with the rims being 
colourless. The opaque minerals are predominantly magnetite and are deeply 
embayed, corroded and replaced by sphene, which may become a major (>10%) 
component. In such cases, the pyroxene is colourless, and the opaque phase is 
haematite. Apatites are frequently associated with the opaque minerals and 
often form large (~0.3mm) euhedral crystals.
3.4 NUGARMIUT 3.
The salient features of this exposure (Section 2.4) are:
1) Below a height of ~14m above sea-level, the ultramafite is a homogeneous 
olivine-pyroxenite with occasional leucocratic layers veins and coarse-grained 
segregations (Section 3.4.1)
2) Above this height the rock is a ferrian-pyroxenite (Section 3.4.2)
3) At the northern contact, the ultramafite is finely layered (Section 3.4.3)
3.4.1 THE OLIVINE-PYROXENITE.
The equigranular olivine-pyroxenite grades into a micaceous 
olivine-pyroxenite composed of varying proportions of pyroxene, olivine, mica 
and opaque minerals, together with minor (<10%) amounts of amphibole, 
apatite, chlorite, serpentine and interstitial plagioclase.
The pyroxene crystals are pale yellow and some are normally zoned. The 
grain size is nearly constant at about 0.3mm, with the grain boundary contacts 
showing the typical equilibrium configuration.
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The proportion of olivine is highly variable. It occur as clusters (usually of 3 
to 4 but occasionally 10-20), and as discrete single crystals. The majority are 
free from any sign of alteration, but opaque inclusions are common.
Micas are strongly coloured with a normal pleochroic scheme involving 
red-browns and light browns. The crystals show no regular zoning and 
occasionally poikilitically enclose the above phases. Amphiboles are either 
associated with micas and are pleochroic in yellow-browns, or form a colourless 
and fibrous interstitial phase.
Three opaque phases have been identified:
1) The majority of the crystals (~60%) are magnetites and show extensive 
oxidation and exsolution, giving rise to trellis-type ilmenites, and dark spinel 
lenses. The crystals are subhedral with rather ragged terminations.
2) Invariably adjacent to the magnetites are polycrystalline aggregates of 
randomly orientated, irregularly shaped ilmenites. These are strongly pleochroic 
and show limited sign of oxidation or exsolution.
3) A weakly pleochroic, grey coloured crystal, often occurring as a discrete 
phase, but sometimes found rimming the ilmenite aggregates and showing no 
sign of oxidation or exsolution, has been identified as a member of the 
pseudobrookite series. All the above opaques may occur as discrete phases 
enclosed within a silicate.
The leucocratic layers have gradational contacts with the surrounding 
pyroxenites (Plate 2.5). Each layer has a unique mineral assemblage, but all 
consist of areas rich in opaque minerals, surrounded by areas devoid of these 
phases (Plate 2.4, 2.5, 3.6). The areas rich in the opaque minerals may also 
contain pyroxene, mica, perovskite and olivine. Towards their margin a 
yellow-brown garnet forms along the grain boundary contacts of the pyroxenes 
and micas. These phases lose their colour and the micas have ragged crystal 
terminations, while the opaque minerals are surrounded by perovskite and 
garnets. More extensive replacement of the pyroxene, opaque minerals and 
micas results in areas of perovskite, colourless mica and olivine, the latter 
embayed and rimmed by monticellite. The areas free from the opaque phases 
consist of a microcrystalline aggregate dominated by diopside, monticellite, 
vesuvianite and andradite, with the occasional euhedral crystal of apatite. Also 
present are chlorites (mainly clinochlore) and serpentine. The development of 
the leucocratic layers clearly postdates the crystallisation of the 
olivine-pyroxenite, while other similar examples show that they also postdate 
the formation of the ferrian-pyroxenite.
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3.4.2 THE FERRIAN-PYROXEIMITE.
The ferrian-pyroxenite occurs >14m above sea-level. It is characterised by 
the mineral perovskite. Other phases include opaque minerals, olivine, pyroxene, 
mica and minor amounts of apatite, chlorite, garnet, calcite and serpentine. 
Mineral segregation is common in these rocks (Plate 3.7). To convey the 
complexity observed in the ferrian-pyroxenites, a typical sample (278084) will be 
described in some detail. Mineralogically it is rather simple, consisting of 
pyroxene, olivine, opaque minerals, mica, perovskite, apatite and in the late 
planar veins, garnet, calcite and chlorite. Segregation of minerals has given rise 
to areas rich in relatively fine-grained oxides, mica, pyroxene and olivine and 
coarse-grained areas of olivine and pyroxene.
Macroscopically, the sample appears brecciated (Plate 3.7A), the areas rich in 
opaques being permeated by curvaceous veinlets of inclusion-free pyroxenes 
and olivines; the latter occurring centrally in veinlets. By necessity, therefore, 
the veinlets came later than the formation of the oxide-rich areas. In detail the 
oxide-rich areas consist of planes of oxides, often rimmed by perovskite, 
arranged in regular outlines, too regular and too frequent to be coincidental 
(Plate 3.7b). Enclosed within these areas are crystals of olivine and pyroxene, 
while on the outside optically identical crystals of pyroxene and olivine occur, 
but here perovskite also abounds. It appears probable that the oxides are 
pseudomorphs. After comparison with the melilite-bearing katungite, it is 
readily apparent that these are not relicts after melilite, but with their 
swallow-tail outline are more probably after pyroxene. Furthermore, rapid 
quenching may give rise to swallow-tail pyroxenes, which together with the 
proximity of the sample to the gabbro (Appendix A, Section 3.9), may suggest 
that this ferrian-pyroxenite is the quench product of the ultramafite magma. 
While perovskite may be found associated with the oxide strings, it more 
frequently occurs as isolated clusters, or enclosing isolated opaque minerals. 
Micas are rather rare and invariably poikilitic, enclosing perovskite, oxides, 
clinopyroxene and olivine. Grain boundaries are straight or curviplanar and grain 
boundary intersections approximate to 120°. This sample indicates that the 
mineral assemblage in the ferrian-pyroxenite is not primary. Nevertheless, 
relicts of the earlier assemblage have been preserved.
3.4.3 THE LAYERED SEQUENCE.




2) Micaceous layers with or without white pips.
3) Mica-poor layers with leucocratic or pegmatitic patches.
4) Pyroxene and mica-rich layers with or without mineral segregation.
The leucocratic layers (item 1), may form either large (~6m) well-defined 
lens-shaped bodies, having sharp contacts with the surrounding rocks, or small 
(~10cm) discontinuous lenses within the mica-poor layers (item 3). In both 
cases, the layers are similar to the leucocratic layers described in Section 3.4.1.
The mica-rich layers (item 2) consist of evenly coloured, elongate (0.5mm x 
0.2mm) mica crystals, showing a strong preferential alignment giving the rock a 
well-developed lamination. Cleavage is poorly developed and the grain 
boundaries are smooth, curvilinear or straight. Associated with these crystals, 
and occasionally enclosed by them, are zoned perovskites and opaque minerals. 
The perovskites may become a major phase (>10%) and attain a maximum size 
of -0.5mm. In such cases the crystals are euhedral and enclose the micas. 
Pyroxenes are quite typical, occurring as -0.3mm, zoned and strongly coloured 
crystals. The white pips, which occur along discontinuous planes, are irregularly 
shaped, elongate olivine megacrysts (Fogi), or are aggregates of crystals up to 
-1cm long, lying parallel to the overall lamination of the rock. Enclosed within 
the olivines are crystals of perovskite, mica, pyroxene and opaque minerals. At 
the crystal edge, the olivine may be seen projecting along the grain boundaries 
of these phases. The concentration of the olivines, like that of the micas and 
the pyroxenes, is highly variable, there being a tendency for layers to be rich or 
poor in one of these components.
The mica-poor layers (item 3), which host the leucocratic or pegmatitic 
patches, are composed of pyroxenes, which may poikilitically enclose olivines, 
opaque minerals and perovskites. Micas are rare. The pegmatitic patches 
consist of large (1cm x 0.3cm) euhedral crystals of lemon-yellow pyroxene, often 
projecting inwards to areas of large micas and apatites and interstitial chlorite, 
calcite, epidote, albite and birefringent garnets. Sphene may be present while 
perovskite never is (Plate 3.3).
The pyroxene and mica-rich layers (item 4 above), involve the segregation of 
minerals into areas rich in pyroxene, opaque minerals, olivine (enclosing all 
phases) and perovskite, separated from each other by coarse-grained (>0.3mm) 
crystals of strongly zoned pyroxene. Towards the edge of areas rich in the 
opaque minerals, the concentration of mica increases. When segregation is not 




The exposure may be divided into two parts, between which there is a 
complete gradation:
1) A dark grey olivine-pyroxenite, occurring below a height of ~10m above 
sea-level (Section 3.5.1).
2) A ferrian-pyroxenite occurs above this height and is locally well-layered 
(Section 3.5.2).
3.5.1 THE OLIVINE-PYROXENITE.
The grey olivine-pyroxenite is composed of varying proportions of olivine, 
pyroxene, opaque minerals, mica, tremolite, and plagioclase. Minor phases 
include sphene, apatite, chlorite and zeolites.
Olivine (Fosi) ranges in size from 4mm down to -0.1 mm and is the 
dominant phase. The larger crystals may show sweeping extinction, are 
crowded with opaque minerals and have clusters (~10 crystals) of smaller 
(~0.3mm) olivines around their rims. While many clusters are irregular in shape, 
others appear to have a distinct morphology (Plate 3.8). It is suggested that the 
small crystals have resulted from the marginal recrystallisation of former 
megacrysts rather than representing dunite xenoliths. In other areas, straight 
chains of olivines, all having the same orientation, occur within the host rock 
(Plate 3.8). All are composed of —4 crystals in differing optical orientation. It is 
suggested that the repeated alignment of isolated crystals is too coincidental to 
be produced by any other process than the flow alignment of a single 
phenocryst which later recrystallised. Most frequently, however, the olivines 
occur as small (0.3mm), discrete and subhedral crystals, often surrounded by 
small magnetites. In most thin sections, the distance between the olivines is 
>0.3mm, so they do not form a continuous framework, although this does 
locally occur. Olivines may be enclosed by mica, pyroxene, or plagioclase and 
may be an early crystallising phase.
The pyroxenes are very pale yellow and occur as small (<0.2mm), subhedral 
crystals occasionally surrounding the olivines and the opaque minerals, or rarely 
as large poikilitic crystals enclosing these phases.
Micas are strongly pleochroic (normal) in light-browns and red-browns. 
They occur in a minor quantity as a veneer surrounding an opaque phase, or as 
long (~4mm) crystals enclosing pyroxenes, olivines and the opaque minerals. 
Minor amounts of amphibole occur with the mica and in a similar textural habit. 
Both are believed to be late crystallising phases.
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The opaque minerals consist of ~0.2mm subhedral to euhedral magnetites 
and subordinate amounts of ilmenite. Both show signs of oxidation and 
exsolution.
All the above phases may be associated with interstitial plagioclase or its 
alteration product (sericite), or with a microcrystalline assemblage of chlorite, 
tremolite, white mica and interstitial zeolites.
The leucocratic layers at this locality consist of abundant golden-brown 
garnets, with minor amounts of canary-yellow pyroxene and opaque minerals, 
together with interstitial albite and calcite. The garnets and the pyroxenes 
appear to be in equilibrium, having smooth grain boundary contacts.
3.5.2 THE FERRIAN-PYROXENITE.
The transition from the olivine-pyroxenite to the ferrian-pyroxenite is 
gradational. The ferrian-pyroxenite is rich in ferri-diopside, but it also contains 
opaque minerals, mica, olivine and minor amounts (<10%) of apatite, garnet, 
calcite, amphibole, chlorite and sphene.
The pyroxenes are deep yellow and occur as normally zoned crystals with 
equilibrium grain boundary contacts, or as inclusions within the mica or olivine 
crystals. Marginal breakdown of the pyroxenes into garnet, associated with 
clinochlore, apatite, calcite, diopside and occasionally tremolite, occurs, forming 
elongate leucocratic patches which locally gives the rock a poor lamination.
The olivines (Fogg) are free from any inclusions or any alteration and may 
form elongate chains, up to eight crystals long, having straight grain boundary 
contacts with the neighbouring phases.
Mica occurs as strongly, but irregularly coloured crystals, which may enclose 
pyroxenes, opaque minerals and olivines. Amphibole may also be present and it 
occurs in a similar textural form as the micas.
Four opaque minerals have been identified (Plate 3.2):
1) Large (>0.3mm), occasionally poikilitic crystals of ilmenite, which have 
undergone exsolution processes to form ilmenite and minor ferrian-ilmenite 
lenses in a titanohaematite host.
2) Equally large and deeply embayed, tan coloured magnetites which show 
alteration to maghaematites(?).
3) A strongly pleochroic, brown-grey phase, exsolving an irregularly shaped 
haematite. These crystals are subhedral and generally less than 0.2mm in size, 
and have been identified as Mg-rich ilmenites (Section 4.4.7).
4) Pseudobrookite, often surrounding the above phase and appearing as a 
blue-grey, weakly pleochroic and transparent mineral. All the above opaque
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minerals may be seen in contact with each other and ail may be marginally 
replaced by sphene.
The localised layering (Plate 2.7) involves varying proportions of the above 
phases. Layers rich in the opaque minerals, olivine and mica vary in thickness 
from 1mm up to ~-8cm The olivines, approximately 0.3mm in size, occur as 
chains with equilibrium grain boundaries and may enclose an opaque phase. 
The chains of crystals lie parallel to the layering. All the above opaque minerals 
are present within the layered series, and form a grain-supported network. All 
these opaques are rimmed and partially replaced by sphene. These layers rich 
in the opaque minerals alternate with a pyroxenite identical to the yellow 
pyroxenite described above. The pyroxenite layers vary in thickness from less 
than 1cm to more than 10m.
3.6 TUGTUTOQ 1.
This exposure is composed of a mica-pyroxenite containing pyroxene, mica, 
opaque minerals, amphibole and olivine, together with plagioclase and apatite.
The euhedral crystals of pyroxene are strongly coloured, weakly pleochroic 
and show few cleavage traces. They are unusually elongate (~0.5mm x 0.1mm),
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bounded by rational crystal faces and locally develop a trachytoid texture (Plate 
3.8). The crystals enclose an opaque phase(s), while the pyroxenes themselves 
may be enclosed by interstitial mica or amphibole. Both of the latter phases are 
brown in colour and have normal pleochroic schemes involving red-browns and 
straw-browns respectively. The anhedral biotites and amphiboles form an 
interstitial phase, enclosing not only the pyroxenes, but also the opaque minerals 
and the olivines.
The subhedral to anhedral crystals of olivine (Fogrj) are usually <0.2mm in 
size and frequently enclose magnetites(?).
llmenite, magnetite and pseudobrookite form the opaque mineral assemblage. 
The tan coloured ilmenites are generally free from any sign of oxidation or 
exsolution, but they may be mantled and partially replaced by the 
pseudobrookite. This latter phase occurs as a grey coloured, weakly pleochroic 
mineral, invariably associated with the ilmenites. The magnetites occur as white 
crystals in reflected light, often hosting ilmenites and exsolving dark lenses of a 
spinel phase.
Plagioclase crystals (An43) form either an interstitial phase, often enclosing 
the pyroxenes, olivines and the opaque minerals, or as large crystals (2mm x 
1mm) in the centre of spherically shaped globules, whose boundaries are
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delineated by fine-grained pyroxenes and the opaque minerals of the ultramafite. 
The abundance of globules is highly variable. A typical globule is composed 
of strongly zoned pyroxenes, projecting towards the centre of the globule with 
their rational crystal faces being rimmed by acmite, or overgrown by epidote. 
The zonation sequence observed in the pyroxenes is indicative of an increasing 
ferric iron and sodium content. The centre of the globule contains albite, 
analcite, calcite, apatite, sphene, garnet and minor amounts of zeolites. They 
have been interpreted as late-stage segregations.
3.7 TUGTUTOQ 2.
The ultramafite from this exposure is quite uniform in its modal mineralogy, 
being composed of amphibole, mica, opaque minerals and near equal 
proportions of olivine and pyroxene, together with minor (<10%) amounts of 
apatite, chlorite, sphene.
Olivines range in size from ~4mm down to ~0.4mm. The larger olivines 
occur in aggregates of zoned crystals, in which the central large olivine shows 
undulose extinction, which is lacking in the smaller crystals at its rim. The 
crystals are often slightly corroded, embayed and are surrounded by a zone of 
mica and amphibole, and are interpreted on textural evidence as being partially 
resorbed (Plate 3.9).
Pyroxenes (<0.3mm) are slightly brown or yellow-brown. These subhedral 
crystals may enclose opaque minerals, and when their concentration is high, the 
texture is typically granoblastic-polygonal. Rare, large crystals of pyroxene have 
been extensively replaced by ilmenite and amphibole.
Amphibole and mica have poorly developed cleavage and are generally 
subhedral. Their similar colour, pleochroism and small size (<0.3mm) makes it 
difficult to estimate their relative concentrations, but together they may 
constitute more than 50% of the rock.
The opaque phases occur as isolated crystals, or as large (~4mm) 
aggregates, surrounded by a corona of pyroxene (Plate 3.9). Ilmenite and 
magnetite occur in the ratio -60:40, while the sulphides include pentlandite, 
pyrrhotite and chalcopyrite. The ilmenites are free from any sign of oxidation or 
exsolution and may be partially enclosed by the magnetites, which also contain 
trellis-type exsolution of ilmenite and lenses of spinel.
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3.8 THE VEINS.
To simplify the description of the veins, which in detail are very complex, 
they have been divided into two types. Type 1 veins (Plate 3.9) are the 
dominant veins that ramify throughout the olivine-rich pyroxenites. Type 2 
veins are restricted to the thin planar structures that cut the ferrian and 
olivine-pyroxenites and the leucocratic layers. Each description is based on 
observations from several thin sections.






The central zone, around which the vein is symmetrical, is composed of 
coarsely crystalline (~0.5mm), strongly coloured and normally zoned pyroxenes, 
often quite distinct from the crystals within the host rock. The grain boundaries 
are sinuous, occasionally becoming almost lobate. Minor amounts of calcite, 
chlorite and olivine (serpentine) occur at irregular intervals along its length. 
Crystal size decreases with increasing distance from the centre.
The inner zone has sharp contacts with the central zone and is characterised 
by an abundance of opaque minerals. Close to the central zone the opaque 
minerals form along the grain boundaries, but further away they are often 
enclosed by the fine-grained (<0.3mm), yellow pyroxenes and olivines. These 
opaque minerals are always jacketed by perovskite, which attains its maximum 
thickness on the central zone side of the crystal.
The wall zone is relatively thin (<0.3mm) and forms a narrow band, often 
poor in the opaque minerals but rich in pyroxenes, which are generally poorly 
coloured, dusty, irregular in shape and less than 0.2mm in size. Perovskite 
gradually gives way to sphene; chlorite and calcite become more abundant.
A sharp increase in the proportion of mica and amphibole marks the 
vein-rock interface. From a band composed solely of these minerals, their 
proportion decreases, so that within ~0.5mm, their mineral proportions are 
those of the host rock. Such a boundary, however, may not be present when 
the modal proportion of mica and amphibole in the host rock is low. Under 
such conditions the boundary may be diffuse.
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Coarse-grained (<2cm) segregations, often associated with the veins, occur 
throughout the pyroxenites. Lemon-yellow pyroxenes, often with green 
(aegirine-rich) rims, range in size from 1cm, elongate, euhedral crystals, down to 
stubby, O.lmm crystals. The pyroxenes form an interlocking network of crystals, 
between which perovskite (rimmed by sphene), calcite, opaque minerals, apatite, 
acmite, albite, garnet sphene and epidote may be found (Plate 3.3).
Type 2 veins are thin, planar structures that appear to be dominated by the 
mineralogy of their host and are quite distinct from the sinuous veins described 
above. When they cut the leucocratic layers they host a variety of minerals 
dispersed along their length. All, however, are dominated by euhedral needles of 
diopside that project from the vein-rock interface and host abundant calcite. 
The microcrystalline nature of the assemblage precludes positive identification, 
but wollastonite, cuspidine, celestite, andradite, vesuvianite (or hydroandradite), 
chlorite and colourless mica have been recorded. The vein assemblage is 
clearly rich in Ca, C02, F, Ba, and Sr. The euhedral nature of some of the 
minerals (e.g. celestite, pyroxene, garnet) suggests free growth, while the 
embayed and corroded crystals of wollastonite suggest late-stage reactions; in 
this case to form cuspidine (Plate 3.6). Perovskite and opaque minerals, absent 
in the vein itself, clearly delineate the boundary of the vein.
When Type 2 veins cut the ferrian-pyroxenites their mineralogy appears to 
be dominated by the relict pyroxene, perovskite, apatite and Fe-Ti oxides of their 
host. However, they are characterised by sphene, interstitial calcite and sheaths 
of Na-rich pyroxene. Garnet and chlorite may be present. Vein boundaries are 
usually marked by the breakdown of yellow ferri-diopside and are hence rather 
diffuse in thin section.
3.9 THE CONTACT-ZONE.
The changing of mineral assemblages, in passing from the gabbro to the 
ultramafite at the northern contact of the first exposure (Nugarmiut 1), are 
described below and are similar to those found at the other contact-zones 
between the olivine-pyroxenite and gabbro.
Away from the ultramafite, the gabbro is composed of plagioclase and 
olivine, with less than 15% of clinopyroxene, ilmenite, Ti-magnetite, biotite and 
apatite (Upton and Thomas, 1980). Gabbro samples taken from Tugtutoq show 
them to be free from any major low temperature alteration.
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Approximately 10m away from the ultramafite (e.g. 278003), large (-4mm), 
subhedral to anhedral olivines are partially rimmed by Ti-magnetites and
crowded with miniscule translucent, dendritic and rod-shaped pleochroic
. ^ 
inclusions, assumed to be oxidation products. Ti-magnetites also form
subhedral and euhedral crystals, veneered by mica or chlorite. Plagioclase cores 
are invariably altered to sericite, but they appear fresh in proximity to the 
olivines and magnetites. Elongate, euhedral crystals of apatite appear to be 
quite abundant and free from alteration. Closer to the contact, magnetite 
crystals are far more common and form euhedral crystals. Many of the olivines 
appear virtually opaque, due to the abundance of inclusions that may be 
arranged parallel to the olivine cleavage planes. Localised assemblages of 
epidote, chlorite, sphene and calcite are well developed and the associated 
plagioclase crystals altered to sericite.
In the contact-zone (278005), the large (4mm x 2mm) euhedral crystals of 
Ti-magnetite, constitute up to 20-30% of the rock and occur enclosed within 
fresh feldspar crystals (Plate 3.1). The abundant olivines (up to 80%), often 
surrounded by a rim of Ti-magnetite, occur as aggregates, with the individual 
crystals being between 0.2mm and 2mm in size, or as subhedral crystals 
enclosed by feldspar. Each olivine crystal has developed generally elongate and 
dendritic inclusions, their abundance resulting in the opacity of their olivine host. 
The intergrowths are not confined to the rims, but occur throughout the whole 
crystal. Associated with the larger intergrowths are areas of lower reflectivity 
than the surrounding olivine. Similar intergrowths have been identified as 
consisting of magnesio-ferrite and orthopyroxene (Johnston and Stout, 1984b), 
resulting in a Mg-enriched olivine. The plagioclase crystals are remarkably 
fresh, with alteration being confined to the cores. The ultramafite close to the 
contact-zone is rich in a relatively faintly coloured pyroxene, together with 
olivine, ilmenite, magnetite and minor amounts of mica. Segregations of 
magnetite and apatite form within the ultramafite at <10m from the 
contact-zone.
In contrast to the contact described above, a single sample (278085), 
believed to represent the contact between the ferrian-pyroxenite and the gabbro 
located at ~8m above sea-level, is deficient in olivine, but rich in pyroxene, 
apatite and an opaque phase (magnetite?). Approximately 50% of the rock is 
composed of plagioclase or its alteration product, sericite. The pyroxenes 
(<4mm) are zoned subhedral crystals, which are only faintly coloured (yellow). 
Apatites are invariably euhedral and form a major constituent (10%) of the rock.
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The remaining dominant phase is opaque, its cubic habit suggesting that it is 
magnetite. Minor amounts of a* strongly pleochroic (red-brown to colourless) 
mica crystallised later and enclosed all of the above phases.
3.10 PETROGRAPHY OF THE OTHER Si-DEFICIENT ROCKS IN THE REGION.
In Section 1.3, reference was made to the other Si-deficient rocks in the 
Gardar province. For comparative purposes, their petrography will be described 
briefly below. Information has been drawn freely from the work of Stewart, 
(1970); Larsen, (1977); Martin, (1985) and Upton, (unpublished data).
3.10.1 ERIKSFJORD FORMATION.
Early in the first Gardar period, the alkaline-ultramafic and carbonatitic 
activity in the Qagssiarssuk district gave rise to calcareous tuffs (rich in barytes 
and fluorite), lamprophyres (monchiquites, mica-monchiquites, alnoites) and 
mica-pyroxenites. Nearly all representatives of the lamprophyric magmas have 
been extensively carbonated and partially recrystallised, destroying not only the 
original mineralogy but also the fabric. However, modal estimates of the 
pseudomorphed phenocryst assemblage within the suite range from ~50% 
olivine up to 90% melilite, together with a groundmass assemblage including 
acicular (green-yellow) pyroxenes and biotite (normal pleochroism), while 
magnetite and apatite are often more than accessory phases.
Later ultramafic lavas in the Eriksfjord Formation have suffered hydrothermal 
alteration, although their original texture has been preserved. Their textures 
reveal a high proportion (>30%) of phenocrysts (predominantly olivine), all now 
pseudomorphed. Pyroxene occurs as faintly coloured (golden-brown) elongate 
crystals, together with Fe-Ti oxides and rare small micas (<0.2mm) in a 
groundmass of clear calcite crystals and chlorite.
3.10.2 KUNGNAT DISTRICT.
Some of the early E.NE. dykes in the Kungnat area are feldspar-free 
ultramafic lamprophyres. Olivine phenocrysts occur in most samples, although 
the majority are now pseudomorphed by an assemblage of calcite, amphibole 
and Fe-oxide minerals. Other samples may also host pyroxene phenocrysts. 
Biotite (normal pleochroism) and, or, brown hornblende is present in all samples 
and occasionally may be porphyritic. Magnetite, ilmenite, calcite, sphene, alkali 
feldspar and apatite complete the assemblage.
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3.10.3 MEMBERS OF THE TUGTUTOQ-ILIMAUSSAQ DYKE SWARM.
The thin ultramafic dykes located on the east coast of Tugtutoq and 
Igdlutalik are highly porphyritic and extensively carbonated. Flow alignment of 
the phenocrysts (~4mm in size), which can form up to 50% of the rock, may be 
observed and although all are pseudomorphed, rims of Fe-Ti oxides reveal that 
the majority were olivines. A second unidentified prismatic phase is present 
(pyroxene?). The modal proportion of minerals that form the pseudomorph 
assemblage is variable, but includes a strongly pleochroic epidote 
(yellow-colourless), opaque minerals, chlorite, calcite, andraditic garnet 
(occasionally birefringent) and zeolites. The groundmass assemblage consists of 
biotite (normally pleochroic in browns and green-browns), much opaque material 
invariably rimmed by sphene (after perovskite?), calcite and chlorite.
In contrast, ultramafic lamprophyre dykes to the north of the Igaliko complex 
are micaceous, with mica forming up to 50% of the rock. All micas are strongly 
pleochroic and zoned, occasionally being marginally replaced by chlorite. 
Reverse pleochroic (red-brown to colourless) and poikilitic micas occur in a 
single dyke. Euhedral crystals of apatite are an ubiquitous phase. The 
porphyritic nature of many dykes is now revealed by opaque minerals rimming 
an assemblage of calcite, amphibole and chlorite. The former phenocrysts, some 
of which were clearly olivine while others appear prismatic, occasionally show 
alignment, presumably due to flow. Magnetite and ilmenite(?) euhedra are 
present, some revealing a rim of sphene, whose granular appearance suggests 
that it may be after perovskite. Sub-spherical objects (<1cm), now hosting 
chlorite, tremolite and opaque minerals, or predominantly calcite and apatite, are 
presumed to be altered ultrabasic xenoliths.
3.10.4 ASALUKASIT.
Abundant (20-30%) microphenocrysts (2mm), now revealed by a rim of 
opaque minerals around a core composed predominantly of pleochroic (normal) 
mica, show a slight flow alignment. The phenocryst assemblage is presumed to 
have been dominated by olivine. The groundmass consists predominantly of 
elongate (0.2mm x 1mm) crystals of twinned clinopyroxene, faintly coloured but 
not pleochroic, together with opaque minerals, euhedral apatites and mica.
3.10.5 S.W. IGDLUTALIK (KARRA).
The matrix which hosts xenoliths of presumed mantle origin contains no 
fresh minerals. The rock is characteristically rich in sub-spherical inclusions, 
(<1cm) that now host abundant amphibole (tremolitic), sphene, colourless mica
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and rare lath-shaped pseudomorphs. The same assemblage, together with 
opaque minerals rimmed by sphene, dominates the microcrystalline matrix.
3.11 DISCUSSION.
The presence of monticellite, perovskite and melanite reveals a similarity 
between the TNU and kimberlites, ultramafic lamprophyres (UML) (e.g. Fen 
damkjernite), the melteigite-ijolite series (e.g. Iron Hill carbonatite complex) and 
Si-undersaturated lavas (e.g. olivine-melilitites). In detail, however, the 
ultramafites are quite distinct, being free from melilite and nepheline and hosting 
plagioclase, ferri-diopside and pseudobrookite. Moreover, grain boundaries are 
not dominated by rational crystal faces, but display curvilinear or straight grain 
boundaries and apparent 120° grain boundary intersections. Such textures have 
been compared to those produced by the annealing of metals (Kretz, 1966) and 
indicate that low surface energies have been achieved (i.e. they are equilibrium 
grain boundaries).
While equilibrium grain boundary configurations have been attributed to high 
grade metamorphism associated with or without a stress field (Vernon, 1976), or 
to grain boundary growth and migration in cumulates (Vernon, 1970), they may 
also be attained by other processes: Kretz, (1966), for instance, considered the 
grain boundary configuration produced by the growth of minerals from both 
randomly and regularly spaced nuclei. Material impingement during growth gave 
rise to average grain boundary intersections of 120°, but the extent of 
misorientation was greater than that observed in the annealed metals. Irrational 
crystal boundaries and 120° grain boundary intersections may form by direct 
crystallisation from a liquid only if the structure of the melt is similar to that of 
the crystal (e.g. in Cu and Zn systems) and the crystals are of high symmetry. 
Conversely, rational crystal faces will invariably be favoured if there is a large 
difference between melt and crystal structure (Spry, 1969). The presence of 
euhedral crystals (or their pseudomorphs) in parts of the TNU and in 
compositionally similar lavas (Chapter 7), strongly suggests that the equilibrium 
grain boundary configuration is not directly related to the unusual composition 
of the ultramafites.
No detailed study of the grain boundary intersections in the TNU has been 
undertaken, but some general comments concerning these and other textures 
may be made:
1) The presence of euhedral crystals: These are restricted to the pegmatitic 
segregations, occasional pyroxene and calcite-rich fragments within the breccia
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(Nugarmiut 2), some veins (Type 2) and in localised area within the Tugtutoq 1 
outcrop. In all cases they indicate free growth and often reveal the presence of 
a highly oxidised fluid.
2) Apparent 120° grain boundary intersections: These are commonly observed 
but are best displayed in the ferrian-pyroxenites, olivine-pyroxenites and Type 1 
veins, where the modal proportion of pyroxene and, or, olivine is high. Their 
presence indicates that at least grain boundary migration has occurred.
3) The presence of megacrysts: Megacrysts may be euhedral, anhedral, skeletal 
or resorbed phenocrysts, or they may be xenocrysts, poikiloblasts or even 
porphyroblasts. The majority of the megacrysts in the TNU are olivines. In the 
olivine-pyroxenite at Nugarmiut 4 and at Tugtutoq 2, the megacrysts are often 
anhedral, rarely euhedral and never skeletal. Their composition is identical to 
the groundmass olivines (Section 4.5) and their presence suggests that the 
ultramafites were not quenched rapidly from a liquid, but rather from a liquid 
rich in phenocrysts. Furthermore, the olivine fractionation or accumulation could 
have played an important role in the petrogenesis of the TNU.. In contrast, the 
olivine megacrysts in the ferrian-pyroxenite host a multitude of pyroxenes, 
perovskites, micas and opaque minerals and reveal no evidence that they were a 
liquidus phase, or even that they crystallised from a liquid at all.
The salient points of this petrographic study may be summarised as follows: 
1) There are several distinct mineral associations which may be simplified into:
a) Olivine, pyroxene, ilmenite, magnetite (± mica, amphibole, plagioclase) (e.g. 
85927, 278150, 186228).
b) Olivine, pyroxene, ilmenite, magnetite, pseudobrookite (± mica, amphibole) 
(e.g. sample 278118).
c) Ferri-diopside, magnetite, perovskite, apatite (± olivine, mica, garnet) (e.g. 
278084).
d) Ferri-diopside, magnetite, ilmenite-|, ilmenite2, pseudobrookite (± olivine, 
mica) (e.g. 278144).
2) The ferrian-pyroxenites often (but not always) reveal curviplanar crystal 
boundaries and apparent 120° grain boundary intersections. They have been 
interpreted as revealing at least grain boundary migration, if not more extensive 
recrystallisation.
3) The mineral assemblage now quenched in some of the ferrian-pyroxenites is 
not the primary mineral assemblage, although the presence of a former 
assemblage is partially preserved (Section 3.4.2).
4) The absence of curviplanar crystal boundaries and 120° grain boundary
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intersections in some olivine-pyroxenites at Nugarmiut 3 and 4, is interpreted as 
indicating that in these samples extensive grain boundary migration has not 
occurred.
5) The contact between the olivine-pyroxenite and the gabbro is distinct from 
the contact between the ferrian-pyroxenite and the gabbro. Neither shows any 
evidence of rapid cooling, but rather a mixing of gabbroic and ultramafic 
material, with the resulting rock reflecting the character of the specific 
ultramafite.
6) The formation of the leucocratic layers postdated the formation of the 
olivine-pyroxenite and the ferrian-pyroxenite. Garnet, chlorite, monticellite and 
vesuvianite crystallised at the expense of ferri-diopside, opaque minerals, 
phlogopite and olivine.
7) The similarity between the mineral assemblages observed in the 
ferrian-pyroxenites and those in the veins, supports the proposal (Section 2.9) 
that their genesis was intimately associated. Furthermore, the occurrence of 
ferri-diopside suggests that a high oxygen fugacity prevailed during their 
formation (Huckenholz et al., 1969). Other phases within the veins reveal that 
this oxidising fluid was rich in Ba, Sr, Ca and F.
8) The coarse-grained pegmatitic segregations crystallised later than their host 
and being rich in albite, together with sphene, epidote, ferri-diopside and apatite, 
indicate that the residual fluids were relatively enriched in Fe , Al, Na, Si and P.
9) The ferrian-pyroxenites are generally deficient in hydrous minerals, suggesting 
that the highly oxidising conditions they indicate (Huckenholz et al., 1969) may 
be either outside the stability field of a hydrous phase, or that the high oxidation 
state was not due to high H20 contents.
The observations made above are summarised in Fig. 3.1, which is based 
predominantly on information from Nugarmiut 4, but is in effect a hypothetical 
section which draws from all exposures.
PLATE 3.1
Plate 3.1A A typical olivine-pyroxenite, this specific sample (85913) being
from Nugarmiut 2. The majority of crystals are yellow ferri-diopside,
although olivine (OL) is also present. Phlogopite is readily identified and
hosts lamellae of Ti-magnetite. The opaque phases are ilmenite and
magnetite, both of which occur as rounded inclusions within the silicates.
Note the lack of cleavage in the pyroxenes and planar or curviplanar grain
boundaries and apparent 120° grain boundary intersections.
(Transmitted light scale bar =0.1 mm).
Plate 3.1B Photomicrograph of a ferrian-pyroxenite (278071), revealing a
locally high concentration of canary yellow pyroxenes together with minor
apatite (AP), opaque minerals, perovskite and phlogopite (bottom left).
Grain boundaries are straight and grain boundary intersections close to
120°.
(Transmitted light scale bar = 0.1mm).
Plate 3.1C Typical sample from the contact-zone, Nugarmiut 1 (278005).
Magnetite euhedra are enclosed within the plagioclase that forms the
white background. The remaining mineral is olivine, whose near opacity is
attributed to symplectic intergrowths of an Fe-oxide phase and
orthopyroxene.
(Transmitted light scale bar =0.1mm)
V
PLATE 3.2
Plate 3.2A Magnetite (MT, centre) and ilmenite (IL, top right) in a typical 
olivine-pyroxenite (278014) showing simple curvilinear grain boundary 
contacts with the neighbouring silicates. Note the extensive 
oxidation-exsolution of magnetite, giving rise to orientated trellis ilmenites 
(grey) within a host magnetite (white). Just visible are small pleonaste(?) 
rods within the magnetite, which together with very fine trellis ilmenites 
contribute to its dusty appearance. In contrast the ilmenite (grey) shows 
very slight exsolution of haematite(?). 
(Reflected light, oil immersion, scale bar = 0.1mm).
Plate 3.2B Magnetite (MT), ilmenite (IL) and perovskite (PV) from the 
transition zone, Nugarmiut 2 (278060). The only ilmenite crystal in the 
photomicrograph occurs in the centre of the Plate. The remaining grey 
phase in the field of view is perovskite. Magnetite is white with numerous 
very fine pleonaste(?) and trellis exsolution lamellae of ilmenite. It is, 
however, devoid of the coarse-grained oxidation-exsolution features 
observed in Plate 3.2A. Grain boundaries between the magnetite, ilmenite 
and perovskite are curvilinear without any sign of a reaction relationship. 
(Reflected light, oil immersion, scale bar = 0.1mm).
Plate 3.2C Photomicrograph illustrating the opaque pnase assemblage in a 
ferrian-pyroxenite, Nugarmiut 4 (Sample 63877). A single crystal of 
ilmenite(ILi) reveals dark ferrian-ilmenite(?) lenses in a white, pleochroic, 
titanohaematite(?) host (lamellae usually concentrated away from crystal 
rims). A second Mg-rich ilmenite (11-2) has given rise to irregular 
haematite(?) exsolution products within a strongly pleochroic Ti and 
Mg-rich host. Pseudobrookite (PB) is observed rimming this second 
ilmenite (IL2), but pseudobrookite also occurs as a discrete phase within 
the silicates. Pseudobrookite shows no sign of exsolution and clearly 
crystallised later than ll_2. Magnetite crystals occur in the bottom and left 
of the Plate. They are generally devoid of any oxidation exsolution 
features but occasionally host pleonaste rods and patches of 
maghaematite. Ragged crystal boundaries between an oxide phase and 
silicate is due to the marginal development of sphene (SH). The silicate 
phase is ferri-diopside. 
(Reflected light, oil immersion, scale bar = 0.1mm).
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PLATE 3.3
Plate 3.3A A ferrian-pyroxenite from Nugarmiut 2 (278066) displaying the
segregation of minerals into opaque-rich regions (+PX, +PH, +PB, +AP) and
coarse-grained pyroxene-rich, opaque-poor regions (+AP), that gives the
rock a brecciated appearance.
(Transmitted light, scale bar = 0.5mm).
Plate 3.3B Photomicrograph showing birefringence (white-grey) and zoned
garnets (GT). The sample (85928) is from a leucocratic segregation,
Nugarmiut 3. Associated phases are chlorite (CH), magnetite, perovskite
(rimming magnetites) and pyroxene.
(Crossed polarised, transmitted light scale bar = 0.5mm).
Plate 3.3C Pegmatitic segregation in ferrian-pyroxenite from Nugarmiut 3
(278079). Euhedral crystals of pyroxene (PX) and mica project into a
fine-grained mixture consisting of albite and calcite with euhedral crystals
of apatite and sphene. This is one of the rare instances where euhedral
ferri-diopside crystals may be observed.








































Plate 3.4A Garnet (schorlomite) forming along the grain boundaries of
pyroxene, mica, perovskite and an opaque phase. There appears no
preferential site for the crystallisation of garnet to occur, and all phases
retain their colour. This example comes from a ferrian-pyroxenite from
Nugarmiut 2 (278075).
(Transmitted light, scale bar = 0.5mm).
Plate 3.4B More extensive and more typical development of garnet (GT) is
observed preferentially around a magnetite (MT) crystal, itself coated by a
jacket of perovskite (PV). The sample is a ferrian-pyroxenite from the
transition zone, Nugarmiut 2 (278074). Other phases include mica and
pyroxene.
(Transmitted light, scale bar= 0.1mm).
Plate 3.4C Relicts of magnetite and perovskite occur within the garnet
cores. Again, the sample comes from the transition zone, Nugarmiut 2
(278076) and hosts colourless mica, chlorite, apatite and serpentinite, all of
which form the white background in the photomicrograph. The extensive
development of garnet gives rise to the leucocratic lenses.
(Transmitted light, scale bar =0.1 mm).
00m
PLATE 3.5
Plates 3.5A and B. Cuspidine (CU), associated with calcite (CC) and zoned 
garnets (GT), together with minor amounts of apatite and chlorite. In 
crossed polarised light (B) the cuspidine is most distinctive, revealing its 
characteristic twinning. The sample comes from a leucocratic lens in the 
transition zone, Nugarmiut 2 (278072). 
(Transmitted light, scale bar = 0.1mm).
Plate 3.5C In contrast to the samples above, the clear, golden brown 
garnet (GT) in sample 278053 occurs as round inclusions within the 
pyroxenes (arrowed) and mica, as well as around the opaque phase. Many 
of the crystal boundaries between the garnet and the neighbouring silicate 
phases are curvilinear and there is a noticeable absence of calcite, chlorite, 
cuspidine etc. This sample also comes from the transition zone, 
Nugarmiut 2. 




Plate 3.6A The following three photomicrographs are from sample 279099.
The brecciated appearance of the leucocratic horizon is clearly illustrated.
The dark areas consist predominantly of opaque minerals, perovskite, mica
and garnet, while the surrounding leucocratic matrix consists mainly of a
microcrystalline aggregate of garnet, vesuvianite, monticellite, diopside,
olivine and apatite.
(Transmitted light, scale bar =5mm).
Plate 3.6B An unusually well developed crystal of monticellite (arrowed)
hosting thin, needle-like inclusions. The associated phases within the field
of view are magnetite, perovskite, garnet and minor amounts of diopside,
mica and calcite.
(Transmitted light, scale bar = 0.1mm).
Plate 3.6C Wollastonite (WOL) partially replaced by cuspidine (CU) located
in the thin planar vein that cuts the leucocratic horizon. Minor phases
associated and to the left of the intergrowth are calcite and diopside.





Plate 3.7A A typical ferrian-pyroxenite from Nugarmiut 3 (278084) revealing 
the brecciated appearance and crystal outlines delineated by strings of 
opaque minerals and perovskites. The opaque-rich areas also contain 
pyroxene, olivine, perovskite and apatite, while the opaque-poor areas 
contain pyroxene olivine and apatite alone. Thin veins may be observed 
permeating the sample, see text for detailed description (Section 3.4.2) 
(Scale bar = 5mm).
Plate 3.7B Magnification of the area illustrated in A. Crystal outlines are 
revealed by strings of opaque minerals and perovskite, on either side of 
which are olivines (white) and ferri-diopsides (grey). The distinctive 
swallow-tail shape illustrated in the centre of the Plate is not unique and 
may be observed in two or three areas within Plate A. A thin Type 2 vein 
is present in the bottom left. 
(Scale bar = 0.5mm).
Plate 3.7C Fluid inclusions enclosed in apatite crystals from the oxide-free 
area in the sample above (278084). Vapour bubbles are clearly visible, 
some poised midway within the inclusion (arrowed). No solid phases have 
been observed. 




Plate 3.8A An olivine-pyroxenite from Nugarmiut 4 (85936). The olivine 
megacrysts are just two of numerous megacrysts, which together reveal a 
preferential alignment. Each consists of one or more olivines, all in 
differing orientations. Their composition (Fos2) is the same as the smaller 
olivines, that together with pyroxene, opaque minerals, phlogopite and 
interstitial tremolite and chlorite form the groundmass. The megacrysts 
have been interpreted as flow aligned phenocrysts which have undergone 
recrystallisation and marginal resorption. 
(Transmitted light, scale bar = 0.5mm).
Plate 3.8B An olivine-pyroxenite from Nugarmiut 4 (278150). The olivine 
megacryst consists of a single large crystal margined by numerous smaller 
olivines (7 illustrated) all in differing optical orientations and yet 
collectively imparting a subhedral outline to the overall crystal shape. The 
groundmass consists of opaque minerals (IL+MT), pyroxenes, olivine and 
interstitial tremolite and chlorite. The megacryst has been interpreted as a 
partially resorbed and recrystallised phenocryst. 
(Transmitted light, scale bar = 0.5mm).
Plate 3.8C Ferrian-pyroxenite from Tugtutoq 2 (278163). A fine-grained 
rock consisting of euhedral crystals of ferri-diopside enclosed by mica. 
Other phases include opaque minerals (MT, IL, PB), olivine and plagioclase. 
It is one of the rare examples of a ferrian-pyroxenite where the pyroxenes 
are euhedral and have not been recrystallised or annealed. 
(Transmitted light, scale bar = 0.2mm).

PLATE 3.9
Plate 3.9A A typical micaceous olivine-pyroxenite from Tugtutoq 2 
(186228). Some of the olivine megacrysts appear partially resorbed while 
others are euhedral, both of which are similar in composition to the 
groundmass olivines (~Fo7rj). The groundmass also contains pyroxene, 
ilmenite, magnetite, amphibole and phlogopite. 
(Transmitted light, scale bar = -0.5mm).
Plate 3.9B Bisymmetrical vein cutting an olivine-pyroxenite from Nugarmiut 
4 (85927). The host rock on the left of the photomicrograph consists of 
olivine, pyroxene, opaque minerals and mica. The vein consists of a well 
defined central zone of coarsely crystalline ferri-diopside and olivines and 
an inner zone which is rich in ferri-diopside, opaque minerals and 
perovskite. The vein-rock interface is delineated by a diffuse band of 
coarse-grained mica and opaque phases. 
(Transmitted light, scale bar = -0.5mm).
Plate 3.9C Photomicrograph of a bisymmetrical vein in sample 85927. The 
vein consists of a central core (1) composed of large ferri-diopsides and 
olivines, with minor amounts of mica and calcite. The central zone is 
flanked by an inner zone (2) dominated by ferri-diopside and opaque 
minerals rimmed by perovskite. The wall zone (3) is relatively thin and 
comparatively poor in opaque minerals and generally devoid of perovskites, 
but hosts a faintly coloured pyroxene and minor amounts of sphene. The 
vein rock interface (4) is delineated by a region rich in mica and 
amphibole. 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































It has been shown that the ultramafites contain a variety of minerals, which 
together form a unique assemblage (Chapter 3). This in itself justifies a detailed 
description of the mineral compositions present. The initial study of the mineral 
chemistry by Upton and Thomas, (1973) presented electron microprobe analyses 
for three of the major phases (olivine, pyroxene and phlogopite), but the 
analyses of the opaque minerals and of the numerous accessory phases were 
not presented or discussed. This chapter rectifies this deficiency.
Three major problems exist. Firstly, from petrographic and field observations 
the origin of the contact-zone between the gabbro and the ultramafites is not 
clear. The variation in the mineral compositions close to, and within in the 
contact-zone may help resolve this problem. Secondly, the conditions under 
which the primary crystallisation, recrystallisation and, or, annealing took place 
are unknown. These conditions may be partially constrained by studying cation 
partitioning between phases (e.g. ilmenite-magnetite geothermometry and 
barometry), mineral compositions and the substitution schemes present. Finally, 
in an attempt to identify the characteristics of the ultramafite magmatism, a 
comparative study of the mineral compositions from a variety of 
Si-undersaturated rocks is undertaken. It is with these problems that this 
Chapter is concerned.
The chemistry of the major minerals is described below. All compositions 
were obtained by EMP analysis using EDS and WDS techniques which are 




Highly oxidising conditions in a cooling alkali-deficient magma have 
produced pyroxenes of an unusual composition (Upton and Thomas, 1973). They 
have been identified as ferri-diopsides and can be described in terms of the 
components CaMgSi2Oe (Di), CaFe 2 "l"Si2O 6 (Hd), CaTiA^Og (Tp), CaFe 3+AISi06 
(FATs) and CaFe3> 2 Si °6 ( FTs )- Tne abundance of Fe 3 "1", Al and Ti bearing "end
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members" ensures that many of the compositions project above the 
CaMgSi2O6-CaFe2 "l"Si2O6 join in the simple pyroxene quadrilateral (Fig. 4.1). In 
the following section, the substitutions involving Fe, Al, Ti and Na will be 
discussed, together with their effect on the properties of the pyroxene and the 
conditions under which they may occur. Mineral analyses are tabulated in 
Appendix B, Table B3.
4.2.2 SUMMARY OF PYROXENE PARAGENESIS.
Ca-rich pyroxenes have been found in all of the ultramafic rocks studied. 
Their modal proportion varies from 15% to 90%. The crystals are rarely 
bounded by rational crystal faces and cleavage is poorly developed. They range 
in size from 0.3mm to 1cm and in thin section vary from faint yellow-brown to 
intense yellow. Where zoning is present it usually produces crystals with an 
intense yellow or green rim, around a faintly coloured core. Pleochroism is 
weak, involving yellows and yellow-greens.
4.2.3 RECALCULATION PROCEDURE.
Pyroxenes (XYZ20s) have three distinct lattice sites; the tetrahedral site TI, 
the octahedral site M1 and a 6-8 coordinated site M2. In the recalculation, the
0 +
sites are filled in the order T1, M1, M2, with the cations Si, Al, Fe , Ti, Cr, Mg,
Fe , Mn, Ca and Na following the procedure outlined by Robinson, (1980). Entry 
of Fe into the tetrahedral site (T1), in preference to Ti, is supported by 
Mossbauer studies on natural pyroxenes (Virgo, 1972), garnets (Muggins et al., 
1977a,b) and from thermodynamic considerations (Verhoogen, 1962). However, 
up to 10mol% CaMgTi20s may be incorporated within diopside structure at 
1300°C (Barth, 1931; Onuma et al., 1968).
o +
To estimate the Fe content, the analyses have been recalculated to an
anion to cation ratio of 6:4. While this method has many drawbacks (Finger,
1972; Robinson, 1980) and the errors may be large (Table 4.1), it does provide an
0 +
estimate of the Fe content which is believed to be important in terrestrial 
pyroxenes and cannot be ignored (Cameron and Papike, 1981). Support for the 
procedure comes from the similarity between the estimated Fe content and 
that determined by conventional wet chemical analysis (Table 4.1).
4.2.4 PYROXENE COMPOSITIONS FROM NUGARMIUT 1.
This relatively homogeneous outcrop contains pyroxenes quite typical of the 
compositions found in the ultramafites as a whole. Despite the abundance of 
TiO2 in these ultramafites (6-7wt% TiO2), the Ti content of the pyroxenes is
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quite low (<0.12 atoms per formula unit, (p.f.u.)). A content of -O.OBp.f.u. is not 
uncommon for pyroxenes (Robinson, 1980) but a concentration of >0.15p.f.u. is 
rare (Kushiro, 1960). The low Ti contents may be explained by the presence of 
coexisting Fe-Ti oxides which are known to affect the Ti content of the pyroxene 
(Verhoogen, 1962; Tracy and Robinson, 1977). Na contents are low (<0.04p.f.u.), 
and with no octahedrally coordinated Al, the jadeite component cannot be 
present. Mg contents are high at *-0.88p.f.u. and give rise to high Mg-numbers 
(Mg/(Mg+Fe2+ +Fe3+)).
4.2.5 PYROXENE COMPOSITIONS FROM NUGARMIUT 2.
Pyroxenes from the transition zone (Section 3.3.2) show a wide range in 
composition. They rarely have any significant FeO content (i.e. 0.6-1wt%), with 
many crystals having only Fe . The oxidation ratio (Fe#=Fe /(Fe +Fe )) 
increases from the homogeneous outer zone (Section 3.3.1), towards the central 
zone (Section 3.3.3). Pyroxenes which coexist with garnet (e.g. 278053) have a 
high oxidation ratio (—1), while pyroxenes which coexist with neither garnet, nor 
perovskite, (e.g. Nugarmiut 1 pyroxenes) have a low oxidation ratio (-0.7). 
Zoning observed in sample 278053 is quite typical and is illustrated in Fig. 4.2.
0 +
The crystal rim is considerably richer in Fe , Al and Ti. Na contents also
0 +
increase, but only slightly (<0.1wt%), suggesting that the Fe is not associated 
with a Na-bearing substitution (i.e. acmite) and suggests that the high oxidation 
ratio may not be related to a high alkali content in the melt (cf. Thornber et al., 
1980). The zonation trends, therefore, indicate an increasing content of 
non-diopside components as crystallisation proceeds.
The segregation of minerals into areas rich in mica, opaque minerals and 
perovskite, and coarse grained pyroxene-rich areas, has already been described 
(Section 3.3.2). Pyroxenes analysed from the two distinct areas (e.g. 278069), 
have a similar composition, indicative of simultaneous crystallisation and, or, 
annealing.
Pyroxenes associated with the assemblage garnet, calcite, clinochlore, 
cuspidine etc., (e.g. 278072) may either be colourless, nearly pure diopsides, or 
typical Ti-rich ferri-diopsides. In some areas at least, a core of ferri-diopside 
has been surrounded by a rim of pure diopside.
There is a wide range in pyroxene compositions within the central zone. All, 
however, are characterised by high Na20 contents (~1.2wt%) and very little 
ferrous iron. The petrographic division of the rock into two distinct areas viz. 
the matrix and the micaceous fragments (Section 3.3.3), is supported by the 
pyroxene chemistry. Pyroxenes from the matrix are strongly and normally
68
zoned, having rims rich in Ti, Fe 3 "1", Al and Na. Pyroxenes in the cores of the 
micaceous fragments have compositions rich in these components but the 
margins have been replaced by nearly pure diopside. Rare pyroxenes in the 
micaceous fragments have an intermediate composition (Fig. 4.3).
The coexistence of Ti-poor pyroxene with sphene (found in the cores of the 
mica-rich fragments) and the Ti-rich pyroxenes associated with perovskite, are 
consistent with the experimental work of Gupta et al., (1973) and may indicate 
an increase in silica activity.
4.2.6 PYROXENE COMPOSITIONS FROM NUGARMIUT 3.
Pyroxenes have been studied from the homogeneous grey olivine-pyroxenite 
and its coarse-grained segregations (Section 3.4.1) and from the 
ferrian-pyroxenite found over ~14m above sea-level (Section 3.4.2).
Pyroxenes from the grey olivine-pyroxenite (278118) are distinct from all 
previously described pyroxenes in having a low Fe content (~0.08p.f.u.), low Ti 
contents (~0.05p.f.u.) and low Ca contents (~0.88p.f.u.), coupled with a high Si 
content (~-1.84p.f.u.). The pyroxenes from the associated coarse-grained 
segregations (e.g. 85920, 278080, 278079) are rich in Fe3+ (0.1-0.17p.f.u.), Ti 
(~0.1p.f.u.) and Ca (>0.93p.f.u.) as well as Na and in some cases, Mn. They are 
correspondingly poor in Si (~~ 1.66-1.87p.f.u.).
With increasing height above sea-level the pyroxenes become intensely
q +coloured, with a corresponding increase in Fe reflected in an oxidation ratio of 
— 1. Like the pyroxenes from the coarse-grained segregations, these crystals 
are rich in Ca (-0.95-0.98p.f.u.) and Ti (~0.1p.f.u.) and poor in Si (1.64-1.73 
p.f.u.). Zoning, where detectable, is shown by the rims being richer in Ti, Al and 
Na and poorer in Si than the cores. The similarity in these zonation trends and 
in bulk composition is compatible with the genesis of the pegmatites and the 
ferrian-pyroxenites being intimately related. The relative change in Ca, Si and 
the oxidation ratio is illustrated in Fig. 4.4.
4.2.7 PYROXENE COMPOSITIONS FROM NUGARMIUT 4.
Pyroxenes have been analysed from the olivine-pyroxenite, with its 
associated leucocratic layers (Section 3.5.1) and from the ferrian-pyroxenite in 
the higher part of the intrusion (Section 3.5.2).
Pyroxenes from the grey olivine-pyroxenite (e.g. 278153) have a low 
oxidation ratio (<0.8p.f.u.), low Ti (< 0.04p.f.u.), low Ca (~0.9p.f.u.) and high Si 
(1.9p.f.u.) and are therefore comparable to the pyroxenes from the lower part of 
the third exposure.
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The associated garnet-bearing leucocratic layers have pyroxenes poor in Si 
(~1.69p.f.u.) and Ti (0.03p.f.u.), and high in Fe 3+ (~0.29p.f.u.) and Na (0.13p.f.u.). 
In this respect they are quite typical of the pyroxenes associated with garnet 
and perovskite, but they are distinctly richer in total Fe and Al. The low Ti 
content is consistent with the Tyler and King's, (1967) observation that 
pyroxenes coexisting with garnets are generally poor in Ti. The slight zonation 
present is one of decreasing Ti, Al and Fe towards the crystal rim, with 
concomitant increase of Ca, Na and Si. The progressive change in the Ca, Si 
and oxidation ratio is illustrated in Fig. 4.4.
4.2.8 PYROXENE COMPOSITIONS FROM TUGTUTOQ 1.
These euhedral, canary-yellow pyroxenes, believed to have crystallised from 
a liquid and not to have undergone any extensive annealing (Section 3.6), are 
ferri-diopsides with a high Si (~ 1.88-1.72p.f.u.) and Ca content (~0.9p.f.u.). Ti 
cation contents are low and the oxidation ratio is approximately 0.6.
4.2.9 PYROXENE COMPOSITIONS FROM TUGTUTOQ 2.
The pyroxene compositions from this homogeneous ultramafite are rather 
uniform in composition. The Ti contents (~0.05p.f.u.) and the oxidation ratios 
(-0.2) are low, with the Si contents being high (-1.8-1.9p.f.u.). The pyroxenes 
analysed from the veins, however, have quite a variable composition. Ca and Ti 
contents may be as high as O.lp.f.u. with a concomitant decrease in the Si 
content (~1.6p.f.u.) and increase in the oxidation ratio. In these parameters they 
are similar to pyroxenes found on the Nugarmiut peninsula. The contrast in 
composition between these vein pyroxenes and those found in the host rock is 
illustrated in Fig. 4.5.
4.2.10 SUBSTITUTION SCHEMES.
The Si ion is restricted to the tetrahedral site, and while there are never 
more than 2p.f.u. of Si in any of the pyroxenes, there may be as little as 1.6p.f.u.. 
When compared to pyroxenes from a wider variety of rocks, (e.g. Deer et al., 
1978) it is seen that while such low silica contents are not unique, values below 
1.7p.f.u. are indeed unusual (Robinson, 1980), and presumably reflect the low 
silica activity at the time of their crystallisation.
Consistent with the site filling order (Section 4.2.3), the tetrahedral site 
deficiency (2-Si) is reduced by entry of Al (Fig. 4.6). The substitution of Al for Si 
requires charge compensation. This may be achieved by one, or more, of the 
substitution schemes:
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51. Mg + Si = Al + Al
52. Mg + Si = Fe3* + Al
53. Mg + 2Si = Ti + 2AI
Substitution S1 is of minor importance in the pyroxenes studied as the sum 
Si+AI rarely exceeds 2p.f.u. (Fig. 4.6), and yet it is a major substitution in many 
augitic pyroxenes (~34% of all coupled substitutions, Cameron and Papike, 
1981). Moderate concentrations of Ti and Fe in these low Na-pyroxenes imply 
that S2 and S3 substitutions may be present.
The system CaMgSi206"CaFeAISiOs, which is applicable to substitution S2, 
has been studied by Hijikata and Onuma, (1969) in air and at 1atm. It was 
shown that there is a complete solid solution between the "end members", but 
at lower oxygen fugacities (fO2 = 10 to 10) the solid solution becomes 
very limited, (27wt% at fO2 = 10~ 9 and 1100°C; Onuma, 1983). Its presence in
the ultramafites would imply crystallisation at a high
Substitution S3 is a major Ti-bearing substitution in many pyroxenes; 
forming 8% of all substitutional couples (Cameron and Papike, 1981). However,
0 +the unusual presence of tetrahedrally coordinated Fe increases the number of 
potential substitutions not normally considered important.
54. Mg + 2Si = Ti + 2Fe3+
55. Mg + Si = Fe3+ + Fe 3+
56. Mg + Si = Al + Fe3 *
The reasonable correlation between Ti and Al (Fig. 4.7), together with the 
observation that 2AI is often greater than Ti, suggests that S3 is of greater 
importance than S4. This is supported by the experimental work in the systems 
CaMgSi206-CaTiFe2O6 (Huckenholz, 1969b) and CaMgSi2O6-CaTiAl2Oe (Yagi and 
Onuma, 1967) which show that the solubility of Ti is greater in the Al-bearing 
system (~11wt% CaTiA^Os) than in the Fe -bearing system (<2wt% 
CaTiFe20s). However, compositions which plot above the 2:1 line in Fig. 4.7 
imply that other Ti-bearing substitutions are present.
Tracy and Robinson, (1977) have suggested that the substitution;
S6. 2Mg + 2Si = Fe 2+ + Ti + 2AI
2 + is of importance, with the Fe stabilizing the high Ti contents (~8.8wt%) found
in their pyroxenes. The Ti contents of the Tugtutoq-Nugarmiut pyroxenes does 
not rise above ~0.11p.f.u. With these low contents it is not necessary to 
enhance the Ti solubility, with the observed concentrations readily being 
accounted for by the experimental evidence in the system 
CaMgSi206-CaFeAISiO6-CaTiAl20e (Akasaka and Onuma, 1980), in which 
pyroxenes containing ~9wt% Ti02 have been synthesised.
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The solubility of Ti in pyroxene is believed to be dependent on the silica 
activity, temperature, oxygen fugacity and pressure (Verhoogen, 1962; Yagi and 
Onuma, 1967; Gupta et al., 1973; Flower, 1974), Ti solubility being favoured by 
low pressure, low silica activity and high oxygen fugacity. If the oxidation ratio 
is a reflection of the oxygen fugacity at the time of pyroxene crystallisation, then 
it is apparent from Fig. 4.7 that the Ti content has only been affected weakly by
the oxygen fugacity.
^+ If substitution S4 is of minor importance, then the Fe in the tetrahedral
site is a measure of the CaFeFeSiOs "end member". The solubility of 
CaFeFeSiOe in CaMgSi2Os has been investigated by Huckenholz et al., (1969) in 
air (f02=10~°-67) at 1atm pressure. It was found that 33wt% of the CaFeFeSiOe 
"end member" can be present in the diopside crystal at 1175°C. Assuming that
o +
Fe in the tetrahedral site is given by (2-Si-AI) and that S4 is of minor 
importance, then the maximum amount of CaFeFeSiOs "end member" in the 
natural pyroxene is 12wt% (the diopside "end member" being calculated from the 
Mg content alone.) This is below the value of 14wt% calculated by Virgo, (1972),
O +
in which the tetrahedrally coordinated Fe in a pyroxene from Tugtutoq was 
measured by Mossbauer spectroscopy (Table 4.2). Even so, the maximum 
amount of CaFeFeSiOs "end member" observed in the natural pyroxene is well 
below the maximum found in the experimental systems. The low content of 
CaFeFeSiOs "end member" may be attributed to crystallisation at an oxygen
—fl fi7fugacity lower than 10 and, or, the presence of Al in the natural magma. 
The system CaFe2SiO6-CaAl2Si06-CaMgSi206 has not been experimentally 
investigated, so it is impossible to assess the significance of the low CaFe2SiOs 
content in the natural pyroxenes.
The substitutions S1, S2, S3, S4, S5 and S6 account for the majority of the 
observed substitutions, as illustrated in Fig. 4.8. Other substitutions which may 
be present, some of which may account for the scatter around the 1:1 line in 
Fig. 4.8, are: 
S7. Mg = Fe 2 *
58. Mg + 2Ca = Ti + 2Na
59. Mg + Ca = Fe3+ + Na
510. Mg + Ca = Al + Na
511. Mg + Ca + Si = Ti + Na + Fe 3 *
512. Mg + Ca + Si = Ti + Na + Al
Substitution S7 occurs on an ion for ion basis, and is favoured at a low
(Onuma, 1983). Stoichiometric recalculation of Fe suggests that it is of minor 
importance in the Tugtutoq-Nugarmiut pyroxenes. Substitutions S8, S9, S10, S11
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and S12 all require the pyroxenes to be relatively sodic, and while they may be 
of importance in some natural pyroxenes (e.g. Hollister and Gancarz, 1971; 
Flower, 1974), they are clearly of minor importance the Na-poor 
Tugtutoq-Nugarmiut pyroxenes. However, in the pyroxenes where Ti>2AI (Fig. 
4.7) are also quite sodic (e.g. 278047, Na20=1.2wt%) and may contain the 
NaTiFeSiOs component (Flower, 1974). S9 may only be detected in some of the 
pegmatitic segregations, where the ferri-diopsides are rimmed by a green 
acmite-rich pyroxene. The poor analytical precision for Na precludes the 
feasibility of investigating the Na-bearing substitutions outlined above. Suffice 
to say, that some low Ca contents are related to high Na contents and that the 
lack of octahedrally coordinated Al prevents the jadeite "end member" being 
present.
Ca contents rarely exceed Ip.f.u.. The substitution of Ca for Mg has been 
suggested by Huckenholz et al., (1969) for diopsides rich in the CaFeFeSiOs "end 
member". The higher Ca contents are found in the natural pyroxenes which are 
rich in Fe3+ .
4.2.11 "END MEMBER" COMPOSITIONS OF THE TUGTUTOQ-NUGARMIUT 
PYROXENES.
The main components (-70% according to Akasaka and Onuma, (1980)) in 
pyroxenes from undersaturated mafic alkaline rocks are CaMgSi2Os, CaFeSi2Os, 
CaTiA^Os, CaA^SiOe and CaFeAISiOs- In addition to these, the "end-member" 
CaFeFeSiOs is also present in the Tugtutoq-Nugarmiut pyroxenes, as shown by 
Si+AK2p.f.u.. In order to compare the importance of the various substitutions 
from the individual samples and to compare them to the synthetic systems, (Fig. 
4.9) the analyses have been recalculated into a series of hypothetical "end 
members" in an arbitrary order. The calculation scheme is as follows:
1) CaA^SiOs is only calculated if Si+AI>2 and is then calculated from the 
amount of octahedrally coordinated Al.
2) CaFe2SiOs is calculated only if Si+AI<2 and is then calculated from the
0 +
amount of tetrahedrally coordinated Fe . CaFe2SiOs and CaA^SiOs are
therefore mutually exclusive (Yoshikawa, 1977; cf. Cawthorn and Collerson,
1974).
3) CaTiA^OQ is calculated from the Ti content. Rarely, however, Ti>2AI gives
rise to small, but negative values of CaFeAISiOs- Na-Ti and, or, Ti-Fe bearing 
substitutions may well be present in these samples.
4) CaFeAISiOs is calculated from the remaining tetrahedrally coordinated Al.
3+ Very rarely there is not enough Fe remaining for this substitution (always an
73
EDS analysis).
5) CaMgSi206 is calculated from the Mg content.
6) CaFeSi2O6 is calculated from the Fe 2+ content.
7) NaFeSi206 is calculated from the Na content (EDS analyses do not always 
detect Na, while very occasionally there is not enough Fe for this "end 
member". In many cases the acmite content calculated from the remaining Fe 
after step 4 is the same as the acmite calculated from the Na content in step 7). 
The "end members" are converted to wt% and selected analyses have been 
compared in Fig. 4.9. Fig. 4.9 shows that there appears to be a progressive 
trend, from pyroxenes rich in CaA^SiOg, to those rich in CaFeAISiOg and then in 
CaFe2SiOg. This trend is continuous, suggesting that the olivine-pyroxenite, the 
pegmatitic segregations, the yellow pyroxenites and the associated veins are all 
related by a single process, possibly dominated by progressively increasing 
oxygen fugacity. Olivine-pyroxenites, with a low whole-rock oxidation ratio 
(Fe#=Fe /(Fe +Fe )), are composed of pyroxenes poor in CaFe2SiOg (e.g. 
278153: DI 74HD ] 8CATs ^ FATs 3TP3AC ^, 278118: DI 73 HD ^ 6 CATs 2 FATs 3TP 5AC T ), 
while the ferrian-pyroxenites are typically composed of pyroxene rich in 
CaFe2SiOg (e.g. 278069: DlygFATssFTssTPgAC^ 278121: DlysFATs/FTsyTPyACi). 
Pyroxenes that coexist with magnetite, pseudobrookite and two ilmenites are 
quite distinctive, being rich in CaFeAISiOg (e.g. 278036: 
DI 75 HD3 FATsirjFTs2TP5AC5, 63877: Dl78HD8FATsgFTs2TP4AC2). In this respect 
they are similar to the pyroxenes that coexist with garnet (e.g. 278130:
), but the latter are also poor in Ti.
4.2.12 PHYSICAL PROPERTIES OF THE TUGTUTOQ-NUGARMIUT PYROXENES.
The characteristic yellow colour of the Tugtutoq-Nugarmiut pyroxenes is
*}+ 
related to their content of Fe , which ranges from 0-0.34p.f.u. Such high
contents, which are supported by crystal-field studies (Bell and Mao, 1972), are 
not unusual for pyroxenes, but it is the low concentration of the acmite "end 
member" that makes the Greenland pyroxenes quite distinctive. Yellow 
pyroxenes have been reported by Sigurdsson and Brown, (1970), Johnston and 
Stout, (1984b), and others have been referenced by Carmichael and Nicholls, 
(1967). They have been synthesised at a high oxygen fugacity during the 
melting of an alkali basalt (used in the formation of synthetic glass fibre at Cape 
Insulation Ltd. (Russell, pers. comm.)) and in the synthetic systems 
CaMgSi206-CaFeFeSi06 and CaMgSi2O6-CaTiFe20e (Huckenholz, 1969b; 
Huckenholz et al., 1969), at an f02 of 10~°' 6 and over a range of temperatures 
(1300°C-1000°C). The intensity of the colour was found to be dependent on the
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concentration of Fe 3 "*" in the crystal.
Although the colour appears to be readily attributable to the Fe "*" content, 
the charge transfer process which gives rise to the absorption at 450nm, and 
hence the yellow colouration, is poorly understood. Rossman, (1980), discussing 
tetrahedral Fe3 "1" stated; "Ferri-diopside, which shows bright yellow colour in thin 
section, is a special case of Fe 3+ spectroscopy", but later stated "The multiple
Oj.
absorption bands associated with Fe in the well-defined tetrahedral sites are 
not present in the spectra of ferri-diopsides". Bell and Mao, (1972) attributed 
the absorption to a charge transfer process between octahedrally coordinated 
Fe3 "1" and the coordinating ligand, oxygen. Johnston and Stout, (1984b) 
suggested this to be the cause of the colour in the pyroxenes they studied.
Inspection of Fig. 4.6 shows that although many of the pyroxenes have a 
sum of Si+AI <2p.f.u., there are some in which Fe is not required to fill the 
tetrahedral site. In thin section all the pyroxenes are yellow, although the 
intensity of the colour is variable. Does this suggest that tetrahedrally 
coordinated ferric iron, as implied by Bell and Mao, (1972), is not necessary in 
order to obtain the observed absorption at 450nm? Virgo, (1972) reported the
results of a Mossbauer study on a strongly coloured pyroxene crystal from
?+ Tugtutoq. The results showed that there was no Fe in the pyroxene and it
0 +
had O.IOp.f.u. of Fe on the tetrahedral site. Based solely on a cation:aruon 
ratio of 4:6, and the simple site filling order (Section 4.2.3), the same pyroxene
O j.
has a tetrahedrally coordinated Fe content of ~-0.074p.f.u. and no ferrous iron 
(Table 4.2). There is, therefore, a discrepancy between the calculated and
measured site occupancies, there being an deficiency in the calculated
oj. 
tetrahedrally coordinated Fe content. Ghose et al., (1975), using single crystal
XRD techniques on a synthetic CaFeAISiOs pyroxene, showed that the Fe3 "1" 
prefers the M1 site, but suggested that this site also contained 0.179p.f.u. of Al. 
This is supported by the work of Ohashi and Hariya, (1973). In their study of 
crystals synthesised in the system CaMgSi^Os-CaFeAISiOs, at a high f02 and
between 0-25kb, it was found that the tetrahedral site contained both Al and
3+ Fe . The amount of Al present in the tetrahedral site was pressure dependent.
However, Peacor, (1967) studied a natural yellow pyroxene and concluded that 
the tetrahedral site was occupied by Al, with negligible amounts of Fe 3 "1" or Ti.
O j.
If it is assumed that tetrahedrally coordinated Fe is necessary to obtain a 
yellow coloured pyroxene, then in crystals where Si+AI>2 (Robinson 1980), the 
colouration may be an indication of the disorder of Al and Fe 3 "*" between the M1 
and T1 sites.
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Substitution of Fe^ + , Al and Ti into the diopside structure is known to affect 
the cell dimensions. There have been several investigations made on the effect 
of these substitutions (e.g. Peacor, 1967; Dowty and Clark, 1973), but the study 
of pyroxenes in which there is tetrahedrally coordinated Fe 3+ has largely been 
confined to the synthetic systems (e.g. Huckenholz et al., 1969; Akasaka and 
Onuma, 1980). In order to characterise the physical properties of the natural 
pyroxenes studied, the cell dimensions of two crystals from the Nugarmiut 
peninsula have been determined.
The replacement of Si by tetrahedrally coordinated Fe or aluminium will 
have a marked effect on the c-dimension, while the substitution of Fe , Ti or Al 
on the M1 site results in a minor decrease in the b-dimension. The chemical 
analyses of the two samples, together with the calculated cell dimensions, are 
given in Table 4.2. In the calculation of the cell dimensions, 14 reflections were 
measured of 10, 1/4°min scans using NaCI as an internal standard.
As predicted, the substitution of trivalent ions for Si has increased the 
c-dimension, while the b-dimension has decreased. The magnitude of the 
changes in the cell parameters are consistent with the variations reported by 
Huckenholz et al., (1969) and Akasaka and Onuma, (1980). These tetrahedral 
substitutions, causing expansion of the tetrahedra and therefore weakening their 
bonds, may explain the poor development of cleavage in the 
Tugtutoq-Nugarmiut pyroxenes, as any cleavage is dependent on differing bond 
strengths within the crystal.
4.2.13 COMPARATIVE STUDY OF THE TUGTUTOQ-NUGARMIUT PYROXENES.
Comparison of the few published compositions of these rare, yellow 
pyroxenes (Carmichael and Nicholls, 1967; Johnston and Stout 1984b) with the 
Tugtutoq-Nugarmiut crystals (e.g. 85914, 278121, 40405, Table 4.3), shows that 
the latter are distinctive in often having a low Al content and a high Mg and Ca 
content (Table 4.3). Carmichael and Nicholls, (1967) suggest that the mineral 
assemblage associated with the pyroxenes they studied had a solidus 
temperature of 950°C at an fO2 of 10~ 7 ' 5 , while Johnston and Stout, (1984b) 
suggested crystallisation at an fO2 of 10 and a temperature of 1165°C. In 
both cases the estimated conditions lie just below the haematite-magnetite 
buffer.
Considering the less oxidised pyroxenes from the Tugtutoq-Nugarmiut 
samples (e.g. 278118 and Tugtutoq 2 samples), it may be seen (Table 4.3) that 
they are similar to the pyroxenes found in UML (Rock, in press), and in particular
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to the pyroxenes from the Fen damkjernite and from the Iron Hill pyroxenites 
(Nash, 1972), all being poor in Si and Al, rich in Mg and containing moderate 
amounts of Ti. The zonation trend of increasing Ti and Al is consistent with the 
trends found in undersaturated volcanic rocks, e.g. alkali basalt and nephelinites.
4.2.14 SUMMARY AND CONCLUSIONS.
1) The chemical composition of a typical pyroxene found in the ultramafites 
studied may be adequately described in terms of the "end members"; 
Di,Tp,FTs,FATs. The dominant substitutions are, therefore, those rich in 
Tschermaks molecules.
2) The variation in the chemical composition from pyroxenes poor in CaFe2SiOs, 
to those rich in CaFe2SiOs is continuous.
3) The process which has given rise to ferri-diopsides appears to have been 
associated with development of the veins, found both in the olivine-pyroxenites 
on the Nugarmiut peninsula and on Tugtutoq, and their presence provides 
evidence of a genetic link between the exposures.
4) By comparison with similar natural crystals and with the experimentally 
synthesised crystals, the pyroxenes studied are believed to have crystallised 
under highly oxidising conditions, close to those of the haematite-magnetite 
buffer, from a Si, Al and Na-poor environment.
5) Although many of the pyroxenes are of an extreme composition, some are 
similar to those from ultramafic lamprophyres.
4.3 MICA CHEMISTRY.
4.3.1 INTRODUCTION.
Upton and Thomas, (1973) showed that the micas from the TNU were 
phlogopites (Mg:Fe>2:1), rich in TiO2 (-6-9 wt%) and BaO (<2.2 wt%). Their 
ubiquitous occurrence in the ultramafites provides a unique opportunity to study 
the substitution schemes involving Ti, Ba and Fe in micas associated with a 
mineral assemblage indicative of crystallisation at a high oxygen fugacity, (f02). 
While it is known that the bulk composition of the liquid, the temperature and 
the pressure all affect the composition and substitution schemes of the 
crystallising mica (Robert, 1976; Barton, 1979), oxygen fugacity also has a 
marked result on the Ti solubility and the substitutions present (Mitchell, 1981; 
Arima and Edgar, 1981; Edgar and Arima, 1983). In the following sections, the 
mica compositions, the possible substitution schemes and the conditions for 
their crystallisation are discussed. Mica analyses are tabulated in Appendix B,
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Table B4.
4.3.2 SUMMARY OF MICA PARAGENESIS.
Micas are present in all of the ultramafite rocks studied. Their localised 
modal proportions vary from ~5% up to ~60%. In all sections the crystals 
appear to be late-stage and occur as a veneer around the opaque minerals, as 
poikilitic crystals (<0.5mm) enclosing pyroxenes, opaque minerals, perovskites 
and rarely olivines and as euhedral crystals, (>0.5mm) within the pegmatitic 
segregations. The pleochroic scheme is normal, but the colours and their 
intensities are variable, involving straw-browns, browns and red-browns. Only 
rarely is concentric optical zoning detected, with the cores being more intensely 
coloured than the rims.
4.3.3 RECALCULATION PROCEDURE AND PLOTTING PARAMETERS.
Since the ideal formula of phlogopite (K2Mg6Si6Al2O2o(OH)4) has a total 
anion charge of -44, all cations have been calculated on the basis of 22 
oxygens. Ideally this would give a total cation sum of 16. The average cation 
sum for the micas studied is 15.59, suggesting the presence of site vacancies. 
Indeed, this cation sum is an overestimate due to the unjustified assumption 
that all the iron is in the divalent state.
Inspection of the cation contents (Appendix B, Table B4) shows that Si+AI 
rarely exceed Sp.f.u.. Dawson and Smith, (1977); Arima and Edgar, (1981) and 
others, have overcome a similar tetrahedral site deficiency by the conversion of
2+ enough Fe to Fe to fill the tetrahedral site. While support for tetrahedrally
q +coordinated Fe comes from experimental and Mossbauer studies, (e.g. Faye 
and Hogarth, 1969; Muggins et al., 1977a,b), there is still some doubt about the 
tetrahedral site filling order, Si>AI>Fe3+ >Ti (Farmer and Boettcher, 1981; 
Bachinski and Simpson, 1984). According to Farmer and Boettcher, (1981), a 
"sensitive indicator" of tetrahedrally coordinated ferric iron is the presence of 
reverse pleochroism (although Wendlandt (in Velde, 1979) suggests that -10%
q +tetraferriphlogopite I^MgsSigFe0 2°20(° H )4 in solid solution causes abrupt 
changes in the optical properties) However, reverse plechroism has not been 
observed in any of the Tugtutoq-Nugarmiut micas. The presence of 
tetrahedrally coordinated Fe does not imply that the mica is part of the 
reverse pleochroic tetraferriphlogopite-phlogopite series, as many Ti-bearing 
micas have the substitution of Fe 3 "1" for Si and not for Al. Farmer and Boettcher, 
(1981) also suggested that normal pleochroic micas have Si+AI+Ti>8 p.f.u.. Fig. 
4.10 illustrates that this is true for the Tugtutoq-Nugarmiut micas, so the
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possibility of the site containing only Si, Al and Ti cannot be readily dismissed. 
Without Mossbauer data, the rigorous assignment of cations in the micas is not 
possible. For this reason the plotting parameters used in the following sections
are:
?+1) Octahedral site occupancy (OSO), which is calculated as, (Fe + Mg + Mn),
and will be referred to as 'Mg' in the equations below.
2) Tetrahedral site occupancy is Si + Al + Fe .
3) The interlayer site consists of Ca + Ba + K + Na, the sum of which rarely 
exceeds 2p.f.u..
0 +
The calculation of Fe follows the procedure of Dawson and Smith, (1977) 
and Arima and Edgar, (1981), where the tetrahedral site is filled with ferric iron 
despite the micas not being reverse pleochroic. This was felt to be justified if 
only to reduce the cation contents of the other major elements. An underlying 
assumption, however, is that the tetrahedral site is full, which has been 
questioned by De Fieri, (1980).
4.3.4 MICA COMPOSITIONS FROM NUGARMIUT 1 .
The mica analyses obtained from this relatively homogeneous outcrop show 
them to be Ti-phlogopites (TiO2~10 wt%). BaO contents are also high, lying 
between -2.5-5.5 wt%. Mg-numbers, (Mg^Mg/fMg+Fe^+Fe 3 "1")) range from 
0.89-0.79.
4.3.5 MICA COMPOSITIONS FROM NUGARMIUT 2.
No mica composition has been obtained from the homogeneous outer zone. 
In keeping with the general heterogeneous nature of the transition zone, the 
mica compositions are quite variable. Ti02 contents range from ~3-7wt%; the 
micas with the lowest contents coexisting with garnets (278053). BaO contents 
are usually <2 wt%. Mg-numbers are, however, reasonably constant over the 
whole outcrop at about 0.89, with the variation in a single sample being as great 
as that between samples. Slight zoning has been detected in sample 278069. 
Micas from this sample have rims richer in BaO (1.9wt% with 1.4wt% in the 
core), Ti02, (4.9wt% with 4.7wt% in the core), A^Os (14.7wt% with 14.4wt% in 
the core) and a slight increase in MgO (~0.3wt%). The micas from the central 
zone have the lowest AI203 contents, giving rise to a low cation sum of Si+AI, 
(85914).
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4.3.6 MICA COMPOSITIONS FROM NUGARMIUT 3.
Mica crystals have been analysed from the coarse-grained pegmatitic 
segregations and from the major units throughout the exposure, namely the 
olivine-pyroxenite, the ferrian-pyroxenite, and the leucocratic layers, (Section 
3.4.1, 3.4.2, 3.4.3). Inspection of the analyses (Table B4) shows that their 
compositional range is similar to that observed in the previous two exposures. 
Ti02 contents range from ~2-10wt%, while BaO contents are generally <3wt%. 
Despite their wide range in composition, some generalisations may be made. 
The Mg-numbers of micas from the pegmatitic segregations are generally lower 
than those of the surrounding rock, (e.g. -80 for sample 278080 and ~60 for 
278126 cf. ~85 for 278118). Often, these micas also have a higher TiO2 content 
(~10wt% for sample 278126), but are otherwise quite similar in Si02, AI2O3, BaO 
and Na2O to the micas from the host rock. This general similarity in 
composition suggests that these segregations may represent the volatile-rich 
residue of of the host rock. Application of the biotite-apatite geothermometer, 
(Stormer and Carmichael, 1971), which is based on the fluorine content of the 
minerals and the assumption that the (OH) site is full, gives a temperature 
estimate of 380°C for the phases in the segregation. Low temperatures have 
been attributed to the late stage exchange of the fluorine in the phlogopite with 
an aqueous fluid (Stormer and Carmichael, 1971).
If perovskite or garnet coexists with a mica (278099), then the TiO2 content 
of that mica is reduced, reaching a minimum of ~2wt%. It is clear that the 
coexisting phases strongly influence the Ti content of the micas.
Zonation trends, if present at all, appear to be unique to a particular sample, 
and at times to a particular crystal. Some micas have rims rich in BaO, K20, 
MgO, FeO and A^Os, (e.g. 278080), while in others they are rich in BaO, MgO 
and AI2O3 alone, (e.g. 278128). Mica crystals in other specimens may have 
cores rich in these elements. It is believed that these zonation trends are the 
result of crystallisation in localised and isolated environments.
4.3.7 MICA COMPOSITIONS FROM NUGARMIUT 4.
Representative mica analyses have been obtained from the grey 
olivine-pyroxenite (Section 3.5.1.) and from the ferrian-pyroxenite (Section 3.5.2).
The micas from the grey olivine-pyroxenite are typically Ba-Ti-phlogopites 
with Ti02 contents lying between 8-10wt%, BaO contents <5% and 
Mg-numbers around 78-88, (181921, 278148, 63875). Zoning is usually slight, 
but if detected, the rims are richer in Ti02, AI 2°3 and MgO, and poorer in BaO, 
FeO and Si02 than the cores (e.g. 181921). The wide range of mica
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compositions obtained from sample 85936 can be related to the position of the 
crystal in relation to a vein. The vein itself, which is quite typical of the veins 
from this outcrop, is composed of ferri-diopsides, opaque minerals and a few 
olivines. With decreasing distance towards the vein the micas become richer in 
Ti02, (from 8.5-12wt%), A^Os (from 13.7-1 4. 7wt%) and FeO (from 6.5-8.5 wt%) 
but also dramatically richer in BaO (from <1-6.8 wt% ).
Mica compositions from the yellow ferrian-pyroxenite are quite distinct from 
those described above. BaO contents, although high in a single sample (40405), 
are generally <1wt%. TiO2 contents are also generally low, but range from 
6.5-9.5wt%. It is in these samples that perovskite, and occasionally garnet, are 
found, but. in contrast to the third exposure they are relatively minor, always a 
late-stage crystallisation product and do not appear to have drastically reduced 
the Ti content of the mica. Mg-numbers are, however, quite distinctly high, 
ranging from 86-93. While the Mg-number may be used in a simplistic manner 
as a guide to the crystallisation history of a cooling magma, it may also be 
strongly influenced by the oxidation state of the iron, unless the partition
9+ coefficients of Fe and Fe between melt and crystal are identical.
4.3.8 MICA COMPOSITIONS FROM TUGTUTOQ 1.
Mica analyses obtained from two samples (278164, 30646) show that the 
crystals are compositionally identical to the micas from the Nugarmiut peninsula, 
having high Ti02 (8-11wt%), high BaO contents (3-5wt%) and high Mg-numbers 
(~ 0.83).
4.3.9 MICA COMPOSITIONS FROM TUGTUTOQ 2.
In keeping with the homogeneous character of this exposure, the 
compositions of the mica crystals are relatively uniform, with TiO2 ( — 7wt%), BaO 
(~1.5wt%) and Mg-numbers (70-80) remaining constant throughout the 
exposure. AI2O3 contents are relatively high at ~15wt% compared to the 
crystals from the Nugarmiut peninsula (~13-14wt%) and can give rise to cation 
sums of Si+AI close to 8. A single sample of a coarse-grained segregation 
(278170) has micas with a low Mg-number ( — 68) as well as lower BaO and 
AI203- In this case, the cation sum of Si+AI ~7.77p.f.u..
The veins within the ultramafite -occasionally contain anhedral crystals of a
CccVicv\
Ba-Ti-phlogopite of approximate composition K^ .2 Ba 0.7 M 95 fre 0.5T '0.4Si4.7Al3 3, 
which is equivalent to about 13wt% BaO and 3.7wt% Ti02- The micas occur 
close to the pyroxene-rich central zone of the vein and enclose rounded opaque 
minerals. The vein itself is the result of a late-stage process.
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High Ba-micas have been synthesised by Frondel and Ito, (1967) and have 
recently been found in a variety of alkaline igneous rocks. The first detailed 
report of a Ba-mica (BaO~8.5wt% Wendlandt, 1977) came from a 
monticellite-peridotite and an associated turjaite, but Ba-micas have also been 
reported from the Jacupiranga carbonatite complex (BaO ~10wt%, Caspar and 
Wyllie, 1982). Ti and Ba-rich micas have been reported from a melilite-bearing 
olivine-nephelinite (Velde, 1979), a nephelinite (wt% Ti02~13%, Mansker et al., 
1979) and others have been documented by Bachinski and Simpson, (1984). It 
appears that Ba-rich trioctahedral micas are not uncommon in alkaline and 
related rocks, and appear to be characteristic of ultramafic lamprophyres (UML) 
(Rock, in press). Comparison of the Tugtutoq micas (Table 4.4) reveal that the 
Greenland crystals are among the most Mg and Ba-rich. The Ba-mica, like that 
described by Mansker et al., (1979), appears to be a late-stage crystallisation 
product and is quite distinct from the micas in the host rock and in the 
segregations.
4.3.10 SUBSTITUTION SCHEMES.
9+ ^+ The cations Na, Ba, Fe , Fe and Ti, not present in the ideal phlogopite
formula, may reach major proportions in the micas from the Tugtutoq-Nugarmiut 
exposures. The substitution Fe = Mg occurs on an ion for ion basis towards 
the Fe "end member", annite, but as no estimate of the oxidation state of the 
octahedrally coordinated iron is possible, the extent of this substitution cannot 
be assessed.
Substitution schemes involving titanium in tetrahedral coordination are not 
considered as the major Ti-bearing substitution (e.g. Edgar and Arima, 1983). 
Possible schemes, illustrated in Fig. 4.11, are:
51. SJ4 = Ti4
52. Mg6 + 2AI 4 = []6 + 2Ti 4
S3. Mg6 + 2Fe43 + = []6 + 2Ti4
where the subscripts are the coordination number, the superscript is the
oxidation state of the iron and [] indicates a vacancy.
The substitution S1 has been experimentally investigated by Robert, (1976) in 
the Fe-free system K20-MgO-Ti02-Al203-Si02-H2O. He found that the 
composition of the theoretical "end member" K2Mg6Si5Al2Ti02rj(OH)4 could not 
be synthesised. Furthermore, if substitution S1 is present, then this will only 
leave a minimal charge deficiency, perhaps too small to account for all the 
potential octahedrally coordinated Fe and interlayer Ba, which may require 
charge compensation from a tetrahedrally coordinated ion. Still, the substitution
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must not readily be dismissed, especially without experimental data on the 
iron-rich system. The two other substitutions, S2 and S3, require <2p.f.u. of a 
tetrahedrally coordinated trivalent ion and therefore cannot be present in the 
micas studied (Table B4).
Alternatively, substitutions where Ti is octahedrally coordinated appear to be 
favoured by other workers (e.g. Mitchell, 1981; Edgar and Arima, 1983). 
Substitution of Mg by Ti requires charge compensation by either a site vacancy, 
or by the substitution of a trivalent ion for Si. Possible substitutions, therefore, 
include :
54. 2Mge = Ti 6 + []6
55. 2SJ4 + Mge = Tie * 2AI 4
S6. 2Si 4 + Mg6 = Ti 6 + 2Fe43+
Fig. 4.11 illustrates these substitutions. Substitution S4 would require the 
data to fall on the 2:1 line, while substitutions S5 and S6 would not produce an 
octahedral site deficiency and the data would fall on the 1:1 line. With the S4 
substitution working alone, then at Owt% Ti02 the data should have an intercept 
of 6.0 cations on the abscissa. This is clearly not the case for the Nugarmiut 
and Tugtutoq micas and ~0.3p.f.u. of the titanium may be substituting according 
to scheme S1, S5 or S6. Fig. 4.12 illustrates the possibility of some combined 
substitutions for the Nugarmiut 1 and 2 samples. The parameter Ti - (8-Si-AI) 
accounts for any Ti which may be in the tetrahedral site. If such a substitution 
occurs and the site is filled, then the octahedral site would contain the
q j.
calculated Fe . This has been considered in Fig. 4.12, with the octahedral
9+ ^ +cation content being Mg + Mn + Fe + Fe . The data points fall close to the 
S4 substitution line, demonstrating that substitutions other than S4 must be 
considered, but at least for these micas it is clearly difficult to isolate the 
appropriate substitutions present, especially considering the assumptions of 
stoichiometry, oxidation states and analytical inaccuracies.
Robert, (1976) has shown that phlogopite, may accept ~70mol% of 
Ti-phlogopite (K2Mg5TiAl4Si402fj(OH)4)' in solid solution at 1000°C and 1kb 
pressure (equivalent to 6.6wt% Ti02), although this rapidly decreases with 
temperature so that at 600°C the phlogopite contains 0.07p.f.u. (equivalent to 
0.67wt% Ti02). Charge compensation, achieved by Al replacing Si in the 
tetrahedral site, reaches a maximum of 3.4p.f.u.. This value is similar to the 
maximum Al content in the Al-eastonite (K2Mg4Al2Si4Al4O22) substitution 
(Zussman, 1979), but Velde, (1979) has suggested that the limit is nearer 3.0p.f.u. 
in natural micas. Only rarely do any of the Tugtutoq-Nugarmiut micas have a Si 
content < 5.0 i.e. the tetrahedral trivalent cation content is rarely >3.0,
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confirming that there appears to be a natural limit in the extent of substitutions 
which require exchange with the Si-ion.
The solubility of titanium in the mica structure using the substitution S4, is 
known to be high at high pressures and temperatures (~10wt%Ti02, Forbes and 
Flower, 1974), and is clearly a major substitution scheme in these micas.
The experimental data, therefore, supports the observation that the main 
substitution scheme for the Tugtutoq-Nugarmiut micas is S4, with substitution 
S5, and probably S6, being of minor importance (Fig. 4.11, 4.12).
o +
Other substitutions present are those involving Ba and probably Fe . They
may include:
.3+S7. AI 4 =
Mg 6 = Fe 43+
3+
S8. Si 4 + g 6 = Fe 43+ + Fe6 3+
S9. K + Si 4 = Ba + Fe 4 v
510. K + Si 4 = Ba + AI 4
511. 2K = Ba + []
Other substitutions are known to occur in micas, but these may be difficult to 
detect from EMP analyses, (e.g. OH + Fe 2+ = Fe 3+ + 0 (Foster, 1964); Mg + 2 
(OH) = Ti + 2O (Bohlen et al., 1980) and hydroxyl-cation coupled substitutions 
(Forbes, 1972)). The use of correlation coefficients, using all the analysed micas, 
has not revealed any correlation between an oxide and the oxide total, implying 
that substitutions involving an element not analysed (e.g. H2O + ) are of minor 
importance.
Substitution S7 is not present in the TNU as Al>2p.f.u.. Wendlandt, (1977) 
proposed the substitution S10 to account for the presence of Ba cations on the 
interlayer site (Fig. 4.13), although the substitution S11 must also be considered. 
This substitution (S11) is illustrated in Fig. 4.14, where there is a slight tendency 
for the high Ba contents to be associated with a low cation sum on the 
interlayer site. The cation sum of Ca + Na + Ba + K = >2 maybe the result of
q +analytical error, but is most probably due to underestimating the Fe content.
The substitution scheme proposed by Mansker et al., (1979) to account for 
the substitution of Ba and Ti into a mica, appears to be a combination of S10, 
S4 and S5 to give a total scheme of: 
S12. K + 3Mg + 3Si = Ba + 2Ti + 3AI
Fig. 4.15 shows the Tugtutoq-Nugarmiut micas plotted according to this scheme. 
It is clear that such a scheme is not applicable for all Ba and Ti-rich micas, a 
conclusion also arrived at by Mitchell, (1981) for micas from some 
leucite-lamproites. He proposed the scheme S13 to account for the observed 
discrepancy.
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513. 3K * 2 (Mg + Fe) + Al = Ti + [] + Fe 3+ + (Na + Ba)
Perhaps a more applicable substitution scheme for the Tugtutoq-Nugarmiut 
micas is,
514. K + 3Mg + 3Si = Ba + 2Ti + 3(6-Si)
This scheme (Fig. 4.16) does not stipulate which trivalent ion is involved in 
the coupled substitution. It also does not take into account many of the 
potential substitutions outlined above.
4.3.11 COMPARATIVE STUDY OF THE TUGTUTOQ-NUGARMIUT MICAS.
Recent endeavours (e.g. Bachinski and Simpson, 1984) to produce 
discriminatory plots from the compilation of published analyses, have revealed 
that micas from lamprophyres (minettes), potassic rocks, and kimberlites and 
their xenoliths, as well as xenoliths from alkaline rocks, are chemically 
indistinguishable. Mitchell, (1981), however, showed that the lamproite micas are 
quite distinct from those found in other lamprophyres and kimberlites.
Upton and Thomas, (1973) proposed that the Tugtutoq-Nugarmiut micas were 
similar to the micas from the lamproites and to the micas from the 
phlogopite-lherzolite in a carbonatitic tuff (Dawson, 1972). Lamproite micas, 
however, generally have low AI2O3 contents (~9.3wt%, Rock, in press) and are 
in fact quite distinct from the Tugtutoq-Nugarmiut crystals (Fig. 4.17).
The elements Al and Ti, together with the Mg-number, appear to adequately 
describe the mica compositions and hence have been used in comparative plots 
illustrated in Fig. 4.17. Few published analyses combine such high Ti02 and 
AI203 contents with high Mg-numbers. In one or more of the above parameters 
the Tugtutoq-Nugarmiut micas are similar to one or more of the lamprophyre 
clan. Mica analyses from the Fen damkjernite (Griffin and Taylor, 1975) and from 
the Marathon Dike (Platt and Mitchell, 1982) are comparable in the above 
parameters to the Tugtutoq-Nugarmiut micas (Fig. 4.17). However, both the Fen 
and the Marathon rocks fall within the UML group (Rock, in press), while the 
Greenland micas often fall outside. This may simply be a reflection of the 
sparse data on compositions from the aillikite branch of the UMLs.
4.3.12 SUMMARY AND CONCLUSIONS.
The micas from all six exposures studied are similar not only in their 
composition but also in their substitution schemes. They are all Ti-rich 
(~3wt%-12wt% TiO2), Ba-rich (0-13wt% BaO) phlogopites in which there is 
>2Alp.f.u. but <8 (Si-t-AI)p.f.u.. Their range in Mg-numbers (0.65-0.95) 
encompasses that of "micas of probable mantle origin" (-87) proposed by
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Wedepohl and Muramatsu, (1979). Their compositions are comparable to those 
from some UML and some melilite-bearing lavas (Velde, 1979) but are quite 
distinct from micas in kimberlites, in having high Ti02 contents, and from 
igneous rocks in general, in having no eastonite (^MgsAISi'sA^C^) or 
siderophyllite (I^FesAISisAIsC^) component.
The dominant Ti-bearing substitution is probably 2Mg = Ti + [], but other 
Ti-bearing substitutions are present. Ba and Ti substitutions can be adequately 
described by the scheme K + 3Si + 3Mg = Ba + 2Ti + 3R3* where R is any 
tetrahedrally coordinated trivalent ion. These micas, which are associated with a 
mineral assemblage indicative of crystallisation under a highly oxidising 
condition, support the suggestion by Edgar and Arima, (1983) that high fO2 will 
increase the Ti solubility in the mica. The substitution schemes also support the 
statement by Arima and Edgar, (1981, p292) that "high fO2 may possibly be 
assumed if the Ti contents are high and the OSO and SJ4+AI4 values are low". 
However, this study has also shown that the Ti contents of the mica are 
strongly influenced by the associated mineral assemblage, with Ti being 
preferentially incorporated into the oxides rather than the micas phase.
Micas in which there is a shortage of Si+AI to fill the tetrahedral site may be 
indicative of a reaction between an Al-deficient phase and a biotite-saturated 
melt (Wendlandt, 1977). The decrease in modal olivine associated with an 
increase in the proportion of phlogopite in the TNU (e.g. central zone, Nugarmiut 
2), suggests that such a reaction may explain the unusual compositions of these 
micas. The high Ba-content of many of the micas suggests that priderite may 
not be present in these ultramafites (cf. Upton and Thomas, 1973), as Ba is 
believed to be strongly partitioned into the Ti-phase (Mitchell, 1981).
4.4 OPAQUE MINERAL CHEMISTRY.
4.4.1 INTRODUCTION.
The high modal proportion of opaque minerals led Ussing, (1912) to describe 
the rocks as magnetite pyroxenites; their abundance being reflected in the high 
density of the rocks (~3gcc ).
In this study, the term "opaque oxide" includes any mineral whose 
composition can adequately be described in terms of the Fe-Ti-Mg-0 system. It 
therefore includes the ilmenite - haematite - geikilite series, the ulvospinel - 
magnetite series, and the pseudobrookite - ferropseudobrookite - karooite 
series, all of which are present in the ultramafites. The three series above, will 
be referred to as ilmenite, magnetite and pseudobrookite respectively in the
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remainder of the text, despite many of the minerals greatly departing from these 
"end member" compositions.
In the following section, the composition of the opaque minerals, together 
with the physical conditions they monitor, are discussed. Representative
, ^
analyses are tabulated in Appendix B, Tables 85 to B7.
4.4.2 OPAQUE MINERAL PARAGENESIS.
The opaque minerals may conveniently be divided into four distinct 
assemblages:
1) Magnetite and ilmenite: This consists of subhedral to euhedral crystals of 
ilmenite, frequently partially enclosed by the magnetite, which itself shows 
exsolution and extensive oxidation exsolution.
2) Magnetite-perovskite. Magnetites show only minor amounts of exsolution or 
oxidation exsolution and may have embayed or straight crystal junctions with 
the adjacent perovskites. The assemblage is typical of the transition zone 
(Nugarmiut 2) and of the ferrian-pyroxenites (Nugarmiut 3 and 4). Ilmenite is 
rarely observed with this assemblage.
3) Haematite and garnet: Ilmenite crystals have not been found in this 
association. The haematites are deeply embayed and corroded.
4) Magnetite - ilmenite(s) - pseudobrookite: This is restricted to isolated(?) 
pockets in the transition zone (Nugarmiut 2), to the higher parts (>14m) of 
Nugarmiut 4 and is occasionally seen in some samples from Tugtutoq 1. 
Texturally the assemblage is complex but frequently consists of subhedral 
magnetites, two ilmenites, (a Mg-rich ilmenite with exsolved haematite and a 
Ti-haematite with exsolved ilmenite) and a pseudobrookite. The pseudobrookite 
often mantles the ilmenite, but like all other oxides also occurs as discrete 
crystals enclosed within the silicates.
4.4.3 RECALCULATION PROCEDURE AND PLOTTING PARAMETERS.
In order to graphically represent the changes in the mineral chemistry, it was 
found necessary to reduce the complex natural minerals, which contain 
substantial amounts of the "minor elements", into the simple, and experimentally 
investigated, Fe-Ti-O system. It is the most recent recalculation scheme 
(Stormer, 1983), based on an ionic substitution model which has been used to 
calculate the ulvospinel (Usp), magnetite (Mt), ilmenite (II) and haematite (Hm) 
contents of the analysed oxides. The procedure for the recalculation of the 
pseudobrookite series is as follows: 
1) Ferropseudobrookite (Fpb, FeO.2(Ti02)) is calculated from the Fe 2 * mole
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fraction.
2) Pseudobrookfte (Pb, Fe2O3-Ti02) is calculated from the 0.5 x Fe 3 * mole
fraction.
2+3) Karooite (Kr, MgO.2(Ti02)) is calculated from the Mg^ mole fraction.
4) Tielite (Tl, Al2O3-Ti02) is calculated from the 0.5 x Al 3 "1" mole fraction.
Excess or deficiency of Ti, after recalculation, never exceeds the analytical
precision. The mole fractions are then normalised to 100%.
A prerequisite of these recalculation schemes is knowledge of the Fe 
content. This has been achieved by assuming stoichiometry, adjusting the
. O +
amount of Fe to Fe until the desired cation:anion ratio was obtained. 
However, ilmenites and especially magnetites show extensive exsolution which is 
beyond the resolution of the microprobe. In an attempt to obtain a 
representative composition, all the analyses from an individual thin section have 
been averaged. Many analyses were also performed with a defocused beam. 
The number averaged varies from 3 to 15. In the process of oxidation 
exsolution there is a net gain in oxygen, so the mean composition only 
represents the pre-exsolution composition in terms of the total iron and the 
remaining cations. The fact that the Fe-Ti oxides, and especially the 
maghaematites, may not be stoichiometric (Speidel, 1970), is one of the errors 
present in the recalculation procedure (Finger, 1972).
4.4.4 OPAQUE MINERAL COMPOSITIONS FROM NUGARMIUT 1.
This exposure contains ilmenite and magnetites, with the magnetites showing 
extensive exsolution as illustrated by the large standard deviation from the mean 
(Fig. 4.18) for minerals within a single specimen. Compositional variation within 
the thin section rather than exsolution is reflected in the standard deviation of 
the ilmenite analyses.
As illustrated (Fig. 4.18), the magnetites show a large compositional range; 
Usp22~Mt78 to Usp6fj~Mt40- The minor elements include AI2O3 (~4wt%), MgO 
(3-6wt%) and lesser amounts of MnO (<0.6wt%) and C^Os (<0.4wt%). The 
associated ilmenites have a narrow compositional range, from Ilg4-Hnri6 to 
Ilgs-Hms, but all contain substantial amounts of MgO (8-10wt%) and lesser 
amounts of MnO (1.2-1.4wt%) and A^Os (0.1-0.6wt%).
4.4.5 OPAQUE MINERAL COMPOSITIONS FROM NUGARMIUT 2.
The distinct zones within this exposure (Section 3.3) are each characterised 
by a distinctive assemblage of opaque minerals.
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The compositions of magnetites and ilmenites characteristic of the 
homogeneous outer zone (Section 3.3.1, 85913) are similar to those found in 
Nugarmiut 1. Magnetites range in composition from Uspsg-Mtei to Usp54-Mt46 
and the ilmenites from Ngs-Hms to Ilg6-Hm4. The minor element 
concentrations are also comparable (Fig. 4.19).
The transition zone (Section 3.3.2, 278047, 278069) contains a variety of 
opaque minerals, but is characterised not only by the presence of perovskite but 
typically by the absence of ilmenite. The dominant opaque phase is magnetite 
and its associated oxidation and exsolution products. The crystals are rather 
uniform in composition, ranging from Uspi-Mtgg to Usp3-Mtg7, but they contain 
substantial amounts of MgO (~-10wt%) and moderate amounts of AI2O3 
(2-3wt%) and MnO (~-1wt%). These concentrations are typical of magnetites 
associated with perovskite, and quite distinct from those associated with 
ilmenite.
Garnet-bearing assemblages (e.g. 278041, 278053) may contain ilmenites 
poor in TiO2 (<0.8wt%), MgO (<1.2wt%) and MnO (0.2wt%), but contain minor 
and variable amounts of AI2O3 (1-3wt%). These compositions are representative 
of the opaque minerals associated with garnet.
In Section 3.3.3, the opaque minerals from the central zone were described 
as haematites hosting ilmenite lenses, haematites associated with marginal 
sphene and as magnetites. Averaged, defocused beam analyses of the 
haematites and the exsolved ilmenites show that the bulk composition 
approximates to l^-Hmyy, with minor amounts of MgO (5.7wt%), MnO (0.5wt%) 
and AI203 (0.1wt%). The magnetites are composed of Usp7~Mtg3 with <1wt% 
MgO, <0.2wt% AI203 and <0.4wt% 0203. The coexisting assemblages are 
illustrated in Fig. 4.19, where the contrast between the coexisting phases in the 
outer zone and the central zone is clearly depicted.
4.4.6 OPAQUE MINERAL COMPOSITIONS FROM NUGARMIUT 3.
The opaque minerals have been analysed from the pegmatitic segregations, 
the grey olivine-pyroxenite and from the ferrian-pyroxenite found above a height 
of 14m.
The grey olivine-pyroxenite (278118) contains magnetite, ilmenite and 
occasional pseudobrookite. The magnetites, show extensive oxidation exsolution 
and have a bulk composition of Usp3y-Mt63. They contain high and variable 
amounts of AI2O3 (3-4wt%), MgO (1.5-10wt%) and minor amounts of MnO 
(<0.4wt%) and 0203 (0.4wt%). The coexisting ilmenite (Hg2-Hm8) contains
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about 12wt% MgO and 1wt% MnO. The pseudobrookite compositions are quite 
typical of the ultramafites. In the simple Fe-Ti-0 system, they contain 
Fpb37-Pbg3, but they also contain substantial amounts of karooite (33mol%). 
Texturally they occur as euhedral crystals enclosed within a silicate or as 
reaction rims around ilmenites.
Opaque minerals from the coarse-grained pegmatitic segregations (e.g. 
278079, 278080, 278126) are predominantly magnetites, but ilmenite may also be 
present. Average magnetite compositions range from Usp2Q~ Mt80 to 
Usp3fj-Mt7rj, while the ilmenite composition is l^-Hmg. The ilmenites are 
distinctive in being Mg-poor (usually <3wt%) and Mn-rich (up to 4wt%). These 
characteristics are compatible with late-stage crystallisation. The coexisting 
magnetites, often showing extensive exsolution, are also poor in MgO and MnO, 
both usually <1wt%. Coexisting ilmenites and magnetites are illustrated in Fig. 
4.20.
The ferrian-pyroxenites are ilmenite-poor, perovskite and magnetite-rich. 
The magnetites are often deeply embayed and show extensive exsolution (e.g. 
278089, 278119, 278121). As with other magnetite-perovskite assemblages, 
these magnetites (Uspi-Mtgg to Usp4-Mtgs) are Ti-poor, (<2wt%), but rich in 
AI203 (3-8wt%), MnO (1.5wt%) and MgO (3-10wt%). Again the large standard 
deviation from the mean (Fig. 4.20) reflects the presence of exsolution products 
and variation in bulk composition.
4.4.7 OPAQUE MINERAL COMPOSITIONS FROM NUGARMIUT 4.
Analyses have been obtained from the opaque minerals found in the 
olivine-pyroxenites and the associated leucocratic layers, as well as from the 
ferrian-pyroxenite occurring above a height of 14m.
Ilmenite and magnetite, both showing exsolution, have been analysed from 
the olivine-pyroxenite (278148). Their averaged compositions are shown in Fig. 
4.21. The ilmenites are notable for their low MgO (<3wt%) and moderate MnO 
(<1.3wt%) contents. In terms of the system TiO2~FeO-Fe203 (Fig. 4.21) the 
ilmenite compositions are Hg5-Hnri5. The magnetites (Usp6-Mtg4) are notable 
for their high Cr2O3 (1.3wt%) content, the highest Cr-contents found in the 
magnetites from the TNU. The AI203 contents are variable and probably reflect 
the exsolution of pleonaste. They average at 1.8wt%. The MgO (<1wt%) and 
MnO (<0.1wt%) contents are lower than in the coexisting ilmenites and lower 
than in many of the other magnetites studied. These mineral compositions are, 
therefore, quite atypical of the compositions found in the other samples.
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Haematites from the garnet-bearing leucocratic layers are rare. They contain 
minor amounts of MgO (<0.5wt%), AI 203 (0.5wt%), MnO (<0.5wt%), Cr2 O 3 
(<0.5wt%) and Ti02 (<2wt%). They are typical of the opaques in 
garnet-bearing assemblages.
Above a height of 14m, the grey olivine-pyroxenite passes into the 
ferrian-pyroxenite. The opaque minerals, often showing extensive exsolution 
(Plate 3.2) are all rimmed by sphene. The exsolution is beyond the resolution of 
the microprobe, so the phase assemblage presented below requires confirmation 
by XRD techniques. As described in Section 3.5.3, up to four opaque minerals 
may be identified in a single thin section.
The magnetites, which are associated with maghaematite(?), are the dominant 
phase in many of these ferrian-pyroxenites. Compositionally they are; 
Uspi-Mtgg, with minor amounts of MgO (2.5wt%), 0203 (<0.5wt%), Ti02 
(<0.5wt%), AI 203 (<1.5wt%) and MnO (<0.2wt%).
Texturally the ilmenites (Ti-haematites) appear to be an early crystallising 
phase, often enclosed by the silicates. Where in contact with sphene they are 
nearly pure haematites. They do, however, contain substantial amounts of Ti in 
the form of exsolved ilmenite lamellae in their cores. Defocused beam analysis 
shows that prior to exsolution the bulk composition may have been I^S'Hmy^ 
and MgO (6.5wt%), MnO (0.3wt%) with lesser amounts of Cr2 O3 (<0.2wt%) and
Extensive exsolution occurs in the strongly anisotropic, slightly transparent 
crystals, believed to be a second member of the ilmenite - haematite - geikilite 
solid solution series, with an average bulk composition, expressed only in terms 
of Fe and Ti, of ll48~Hm52. Although beyond the resolution of the microprobe, 
the exsolved phase is rich in F6203 (haematite?), while the host is Mg-rich 
(>23wt% MgO) and Ti-rich (>60wt% TiO2) and jt is suggested that the host lies 
close to the ilmenite - geikilite solid solution join.
These Mg-rich ilmenites are often partially surrounded and replaced(?) by a 
member of the ferropseudobrookite - pseudobrookite - karooite series. The 
crystals contain no exsolution. By calculating the appropriate Ti and Fe "end 
members" the composition is Pbgs-Fpbs (Fig. 4.21) but they also contain about 
33mol% karooite.
4.4.8 OPAQUE MINERAL COMPOSITIONS FROM TUGTUTOQ 1.
The opaque minerals (278164, Fig. 4.22) are predominantly ilmenites and 
magnetites, but rims of pseudobrookite around ilmenites and elongate crystals
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of pseudobrookite occasionally occur. Only moderate concentrations of MgO 
(5wt%) and MnO (0.6wt%) are present in the ilmenites (Mgrj-Hmio)- The 
coexisting magnetites (Usp^-Mtgs) contain lesser amounts of MgO (<3wt%) 
and MnO (<0.4) but variable amounts of AI203- The Cr203 contents in the
. ^
magnetites are low at around 0.5wt%.
4.4.9 OPAQUE MINERAL COMPOSITIONS FROM TUGTUTOQ 2.
Neither ilmenite or magnetite found in this exposure (278167, 278168, 186228, 
Fig. 4.22) show any sign of extensive oxidation or exsolution. Ilmenite 
compositions approximate to Ilg4-Hm5, with about 5wt% MgO and 0.5wt% MnO. 
The coexisting magnetites (Usp23-Mty6) have moderate concentrations of A^Os 
(5wt%), but typically low contents of MgO (2wt%) and MnO (0.4wt%). 0203 
contents are never greater than 1wt%.
4.4.10 OPAQUE MINERAL COMPOSITIONS FROM THE NUGARMIUT 1 
CONTACT-ZONE.
There is a marked modal increase of Fe-Ti-oxides at the junction between 
the olivine-pyroxenite and the gabbro (Section 3.9). Published analyses (Upton 
and Thomas, 1980) show that the magnetites from the YGDC chills from 
Tugtutoq are Uspy3-Mt3rj, with moderate AI2O3 (3wt%) and low MgO (2.3wt%) 
contents in comparison to those from the ultramafites (3-6wt% MgO). The 
coexisting ilmenites (Mg8-Hm2) from the YGDC contain 3.7wt% MgO and 0.5wt% 
MnO (Upton and Thomas, 1980). Close to a contact-zone (278032) the 
magnetites (Usp32~Mti8) still contain moderate amounts of AI2O3 (4.2wt%), but 
greater amounts of MnO (<1.4wt%) and lesser amounts of MgO (0.12wt%). The 
ilmenites (llgg-Hm-|) are also richer in MnO (2.7wt%) and poorer in MgO 
(0.07wt%). These compositions are, however, within the range found in the 
YGDC (Martin, 1985).
In the contact zone (278005) the compositions range from Usp67~Mt33 to 
Usp5s-Mt44, with minor amounts of MgO (1.3wt%) and MnO (0.6wt%), but 
greater amounts of AI2O3 (3.5-6.3wt%). They are thus quite atypical of the 
ultramafites and are closer in composition to the crystals found with in the 
gabbro (Fig. 4.23).
4.4.11 MAGNETITE AND ILMENITE COMPOSITIONS AND CRYSTALLISATION 
CONDITIONS.
Coexisting ilmenites and magnetites not only provide information on the 
partitioning of elements between these phases, but also enable T-f02 estimates
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to be made. Mathison, (1975) and others have shown that Al and Cr will
»
preferentially enter magnetite, while Mg and Mn more readily enter* the 
coexisting ilmenite. Speidel's (1970) experimental work, however, partly 
contradicted this and showed that Mg is preferentially incorporated into the 
spinel, especially at a high f02 and high temperatures (e.g. f02 10~ 3 ' 4 and 
1300 °C). The partitioning of Mg, Cr, Mn, and Al for the samples investigated is 
illustrated in Fig. 4.24. The observed preference of Mg and Mn by ilmenite is at 
variance with Speidel's work but is supported by the lower temperature 
(700-1000°C) experimental work of Pinckney and Lindsley, (1976).
The compositions of ilmenites can broadly be related to the compositions of 
the magma (Haggerty, 1976b), with high Mg-ilmenites crystallising from Mg-rich 
melts, but only if they crystallised prior to olivine, (Stormer, 1972). 
Mg-ilmenites, believed to be a characteristic mineral of kimberlites, are also 
found in carbonatite complexes (e.g. Caspar and Wyllie, 1983) and as mantle 
nodules in basalts (Leblanc et al., 1982). Comparison of the Tugtutoq-Nugarmiut 
ilmenites to the published fields (Mitchell, 1978a) is illustrated in Fig. 4.25. The 
composition of ilmenites which coexist with magnetite (e.g. those from 
Nugarmiut 1 and Tugtutoq) plot neither in the kimberlite field (K), nor in the field 
for basalts, lamprophyres, carbonatites and granites (A). However, comparison 
with the published ilmenite compositions from the Marathon Dike ultrabasic 
lamprophyre (Platt and Mitchell, 1982), reveals that they are indistinguishable 
from those reported in this study.
The physical conditions monitored by the coexisting ilmenites and 
magnetites may be determined by the application of the geothermometer and 
oxygen barometer developed by Buddington and Lindsley, (1964) and Spencer 
and Lindsley, (1981). The samples investigated are from Tugtutoq, Nugarmiut 1 
and from the homogeneous zone of Nugarmiut 2. For the successful application 
of this method, the ulvospinel and ilmenite contents must be estimated from the 
complex natural oxides. The choice of the recalculation scheme is arbitrary and 
when the "minor elements" become significant, strongly influences the T-fO2 
estimates obtained. In this study the scheme recently proposed by Stormer, 
(1983) has been used together with the equations formulated by Spencer and 
Lindsley, (1981) for the T-fO2 calculation. The variations obtained in the 
solutions using three different recalculation schemes (Carmichael, 1967a; 
Stormer, 1983; Lindsley, unpublished programme) have been illustrated for a 
single sample (85913) in Fig. 4.26. These errors must be considered together 
with the errors suggested by Spencer and Lindsley, (1981): 40-80°C and 0.5-1 
log unit f02 assuming ± 1% uncertainties in the Usp and ilmenite compositions.
The application of the geothermometer and oxygenbarometer is also 
hampered by the extensive oxidation exsolution which the magnetites have 
undergone. No compositional distinction could be found between discrete 
ilmenites, ilmenites enclosed within silicates and crystals in contact with 
magnetite. It has therefore been assumed that only trellis exsolution has 
occurred in the magnetites, and that averaged defocused beam analyses of the 
magnetites represent their bulk compositions prior to oxidation.
The results of the calculations are displayed in Fig. 4.26 together with the 
estimated conditions for the surrounding YGDC (Upton and Thomas, 1980). 
Conclusions from such diagrams should be made with caution. Temperatures 
will only be meaningful if; A) the mineral compositions have been correctly 
estimated and represent the composition prior to oxidation, B) the closure 
temperatures for the cations is the same for both minerals and C) the presence 
of the "minor elements" is insignificant, or accounted for. Points worthy of note 
are, however:
1) The choice of the recalculation scheme is important in the calculation of 
temperature and fO2-
2) All temperatures, including those for the YGDC, are certainly subsolidus.
3) If the temperatures and fO2 estimates are real, then the TNU record a higher 
fO2 (often >QFM) than the surrounding YGDC (<QFM).
4) The ultramafite data points define a trend that cuts the synthetic QFM buffer 
at a shallow angle. The cross cutting of buffer curves has also been reported 
by Bowles, (1976), who also supports the idea that the cooling of natural rocks 
follows a systematic if not buffered path. If this is correct, then it is possible to 
extrapolate through the calculated data points towards higher temperatures. 
This gives an estimated f02 of 10 at 1100°C for the ultramafite and close to 
the QFM buffer for the YGDC.
4.4.12 MAGNETITE CHEMISTRY AND CRYSTALLISATION CONDITIONS
Magnetites coexisting with perovskites are distinctly richer in MgO, MnO and 
occasionally in AI203 than those associated with ilmenite. Their low Ti content 
suggests they are members of the magnesioferrite - magnetite solid solution 
series (MgFe2O4~Fe304). Mg-rich magnetites have been reported from some 
carbonatites (Mitchell, 1978a) and from a highly oxidised gabbro, where they are 
associated with a pseudobrookite (Johnston and Stout, 1984b). In the Nugarmiut 
samples the high contents may well be related to the absence of ilmenite, which 
would preferentially incorporate Mg and Mn. Depletion of magnetite in Ti is 
commonly observed in perovskite-bearing assemblages, (Haggerty, 1969b).
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The association of these two minerals, magnetite and perovskite, is common 
in Si-undersaturated melts (Haggerty, 1976b) and may be favoured by a 
relatively high fC>2 and a low Si-activity, (Haggerty 1976b).
4.4.13 HAEMATITE COMPOSITIONS AND CRYSTALLISATION CONDITIONS.
Haematite analyses are variable and few recast to stoichiometry. However, 
haematite with Ti-garnet and perovskite is a stable assemblage in air at 
atmospheric pressure (Huckenholz, 1969b) and may therefore be indicative of 
highly oxidising conditions.
4.4.14 PSEUDOBROOKITE COMPOSITIONS AND CRYSTALLISATION CONDITIONS.
Members of the pseudobrookite series may be found as rims around 
ilmenites (278167), as well as discrete, occasionally skeletal crystals associated 
with magnetite and perovskite (278060), ilmenite and magnetite (278118, 278167) 
and magnetite with two ilmenites (63877, 278036, Plate 3.2).
As with other natural pseudobrookites, the Greenland crystals are composed 
of the three "end members", ferropseudobrookite, pseudobrookite and karooite, 
but they also contain minor amounts of tielite (Fig. 4.27). The composition of 
the pseudobrookite series is known to vary systematically with the compositions 
of the coexisting ilmenites and magnetites (Haggerty, 1976b). This may be 
observed in Fig. 4.27, where haematite-poor ilmenites coexist with Ti-rich 
magnetites and with pseudobrookites relatively rich in ferropseudobrookite.
There is complete miscibility between the pseudobrookite "end members" 
(Haggerty 1976b). Experimental work on the two binary systems, 
FeTi20s-MgTi205 (Lindsley et al., 1974) and FeTi205~Fe2TiO5 (Haggerty and 
Lindsley, 1970) have shown that the pseudobrookites have a low temperature 
stability limit; 700°C for MgTi 2O5, 1140°C for FeTi 2Os and 585°C for Fe2Ti05- 
Below this limit the crystals break down into an assemblage consisting of rutile, 
ilmenite and haematite. The low content of ferropseudobrookite in the samples 
investigated suggests that they formed at temperatures greater than -600°C, 
although the lower stability limit between "end-members" is not linear (Haggerty 
and Lindsley, 1970). These "end-member" minerals are stable at very high 
temperatures (e.g. 1600°C for MgTi2O5) and ferropseudobrookite is known to be 
a liquidus phase in a high titanium lunar basalt (O'Hara et al., 1970), and as an 
early crystallising phase in some high Ti, low Al lamproites (Velde, 1975).
In the Mg-free system, a pseudobrookite may exist under a variety of oxygen 
fugacities, but pseudobrookite itself is confined to a high f02 (Haggerty, 1976b). 
Carmichael and Nicholls, (1967) estimated the upper stability field of coexisting
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ilmenite (ss) and pseudobrookite (ss) to be just below the HM buffer.
In reality the natural minerals deviate from the Fe-Ti-0 system with the 
presence of Mg. At high Mg contents, Speidel, (1970), studying the system 
Ti02~FeO-Fe2O3-MgO, showed that a spinel-pseudobrookite assemblage rather 
than a spinel-ilmenite assemblage was favoured at high oxygen fugacities 
(>10~7 at 1300°C, >10wt% MgO). This is supported by the work of Woerman 
et al., (1969) in the FeO-free system Ti02~Fe203-MgO. Again the 
pseudobrookite and spinel assemblage is stable (Fig. 4.28) relative to the 
rhombohedral phase - spinel assemblage. Woerman et al., (1969) also suggest 
that at a temperature below ~-700°C the pseudobrookite-spinel assemblage is 
unstable, but two rhombohedral phases may coexist. This may explain the 
occurrence of two ilmenites coexisting with a pseudobrookite and a magnetite 
described above.
In comparison with published analyses (Fig. 4.29), the Nugarmiut 
pseudobrookites define a field richer in karooite than many of the 
pseudobrookites produced by the oxidation of an Fe-Ti oxide. This may, 
however, be a reflection of the composition of the original oxide mineral prior to 
oxidation. The similarity of the Nugarmiut crystals to those believed to be the 
products of crystallisation from a liquid (e.g. Carmichael and Nicholls, 1967; 
Johnston and Stout, 1984b) supports the textural evidence that they are not the 
products of low temperature subsolidus oxidation, but that some crystallised 
under a high
4.4.15 SUMMARY AND CONCLUSIONS.
This work has only been a reconnaissance study of the complex opaque 
minerals present. Future work may involve confirmation of the exsolved phases 
and a detailed study of compositional and textural relationships. The following 
points may, however, be made:
1) The compositions of the ilmenites are comparable to those of some 
ultramafic lamprophyres (Rock, in press). However the range in ilmenite 
compositions is large, with some being rich in the geikilite component.
2) The presence of two ilmenites with pseudobrookite and magnetite has not 
been previously reported and warrants further investigation.
3) Compositions of coexisting ilmenites and magnetites suggest crystallisation at 
oxygen fugacities greater than that of the QFM buffer.
4) Magnetites appear to be Cr-poor members of the ulvospinel - magnetite - 
magnesioferrite series.
5) By analogy with the work of Johnston and Stout (1984b) and Carmichael and
Nicholls, (1967), the presence of pseudobrookite suggests that highly oxidising 
conditions existed above the present height of 14m, with f02 estimated to lie 
just below those of the HM buffer. Pseudobrookite crystals, while often 
produced by the oxidation of an Fe-Ti oxide, crystallised directly from 
high-temperature, Ti-rich magmas, under a high f02-
4.5 OLIVINE CHEMISTRY.
4.5.1 INTRODUCTION.
Olivine compositions have been reported in Chapter 3 to range from Fos5 
(Fo=100 x Mg/[Mg + Fe]) to Fogg. This range considerably expands that reported 
by Upton and Thomas, (1973) in their preliminary study of the ultramafites. In 
the following section the crystal chemistry and the conditions required for 
olivine crystallisation are discussed. Representative analyses are tabulated in 
Appendix B, Table B8.
4.5.2 SUMMARY OF OLIVINE PARAGENESIS. 
In the ultramafites, olivines occur:
1) As phenocrysts or crystal aggregates up to 5mm in diameter, together with 
smaller groundmass crystals. The phenocrysts may be embayed or marginally 
recrystallised to a mosaic of smaller (<0.3mm) crystals.
2) As rare poikilitic crystals enclosing mica, pyroxene, perovskite and opaque 
minerals. Here they are clearly a late crystallising phase.
3) As small (<0.3mm) anhedral crystals, rarely bound by rational crystal faces, 
associated with ferri-diopside, magnetite, perovskite and occasionally mica.
4) As irregularly shaped crystals associated with and occasionally rimmed by, 
monticellite in the leucocratic layers of Nugarmiut 3 and 4.
5) As subhedral to anhedral crystals confined to the central core of the veins 
pervading the Tugtutoq 2 and Nugarmiut exposures.
Olivines are never found in the pegmatitic segregations and only rarely found 
in the central core of Nugarmiut 2. Low temperature alteration is of minor 
importance.
4.5.3 OLIVINE COMPOSITIONS FROM NUGARMIUT 1.
Compositions range from Fos2 to Fos7 with no zoning being detectable. Ni 
contents range from 0.08 to 0.14wt% NiO, with the more forsteritic olivines 
having the lower Ni contents. The range in Ni, however, is close to the 
precision of the analyses (i.e. ± 0.06wt%). Ca contents average at 0.23wt% ±
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0.07 and MnO at 0.37wt% ± 0.03.
4.5.4 OLIVINE COMPOSITIONS FROM NUGARMIUT 2
Olivines occur in the homogeneous outer zone (Section 3.3.1), occasionally in 
the transition zone (Section 3.3.2) and very rarely in the central zone (Section 
3.3.3).
Olivine compositions from the homogeneous outer zone (85913) average at 
Fo84, with 0.23wt% CaO and 0.37wt% MnO. These values support the 
suggestion (Section 3.3.1.) that the homogeneous outer zone is petrographically 
indistinguishable from the Nugarmiut 1 exposure.
In the transition zone ~2mm poikilitic crystals occur. Their forsterite 
contents are generally >94 while their NiO contents range from 0.1 to 0.2wt%. 
CaO concentrations fall between 0.09 and 0.51wt%. Crystals with the higher 
CaO contents also contain the greater amounts of MnO (i.e. 0.45wt%).
4.5.5 OLIVINE COMPOSITIONS FROM NUGARMIUT 3.
Olivine crystals from the grey olivine-pyroxenite (Section 3.4.1, 278118) range 
from Foss to Fos7- Their CaO contents are low at <0.1wt% but MnO contents 
relatively high at 0.4wt%. NiO never exceeds 0.17wt%.
Above a height of 14m (278084, 278089) olivines are nearly pure forsterites 
(Fogg). In comparison to the olivines below this height they are distinctly richer 
in CaO (0.13-0.42wt%), but have comparable MnO contents. The average NiO 
content is 0.10wt%, but ranges from 0.03-0.12wt%.
Zoning in these small forsteritic crystals (<0.3mm) is slight and only just 
within the precision of the analysis. Rims, however, are richer in CaO and FeO 
and poorer in NiO and MgO than the cores (278119).
Leucocratic layers (278101, 278099, 278097) in which monticellite is present 
have olivines (Fog5-Fogg) distinctly richer in CaO (0.96wt%). NiO never exceeds 
0.1 wt% and MnO never exceeds 0.5wt%.
4.5.6 OLIVINE COMPOSITIONS FROM NUGARMIUT 4.
Samples from the olivine-pyroxenite (Section 3.5.1, 278148, 181921) are 
typically low in CaO (<0.2wt%), moderately rich in NiO (<0.3wt%) and have MnO 
contents that average at 0.38wt%. Phenocryst core compositions are F083, 
while phenocryst rims and groundmass crystals are Fogi-Foss- Again, the 
zoning in the crystals is close to the precision of analysis, but rims are richer 
not only in FeO but also CaO and MnO, while being poorer in NiO. Olivines from 
the ferrian-pyroxenites (181920) are nearly pure forsterites (Fogg).
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4.5.7 OLIVINE COMPOSITIONS FROM TUGTUTOQ 1.
Forsterite contents range from FOQQ to Fog2 (278164). Zoning cannot be 
detected. The concentration of NiO is always below 0.17wt% and the CaO 
contents always below 0.2wt%.
4.5.8 OLIVINE COMPOSITIONS FROM TUGTUTOQ 2.
Olivines from this exposure only show a slight range in composition from 
Foeg 086228) to Foys (278168). The vast majority of the crystals are Foyi. CaO 
contents are low, rarely exceeding 0.1 wt%. The highest NiO content is 0.33wt% 
but 0.2wt% is the norm. Zoning in the phenocrysts is slight with the cores 
being Foyj and the rims Foyrj. The NiO contents remain constant, at least 
within the precision of the analysis. The Fo and minor element contents of 
groundmass olivines are identical to those of the rims of the megacrysts, 
suggesting that the megacrysts are phenocrysts rather than xenocrysts.
Mg-rich olivines (FognJ occur within the central core of the veins. They are 
distinctly richer in CaO (-0.3 wt%) relative to the olivines of the host rock, and 
are comparable to the crystals from the ferrian-pyroxenite of Nugarmiut 2, 3 and 
4.
4.5.9 OLIVINE COMPOSITIONS FROM THE CONTACT-ZONE.
Olivines with their fine dusty inclusions and intergrowths of an Fe-rich oxide 
(Section 3.9), occur within the magnetite-rich rocks at the contact between the 
gabbro and the ultramafite. Olivines have been analysed from the northern 
contacts at Nugarmiut 1 (278005) and 2 (278033, 278029). Fog5 is the most 
primitive olivine composition found within the chill margins of the YGDC on 
Tugtutoq (Upton and Thomas, 1980). Olivines with Fos5 have also been found 
within the melanocratic rock of the contact-zone (e.g. 278033), although in 
proximity to the gabbro, a less melanocratic sample hosts olivines with F072 
(e.g. 278029). Similar olivine compositions (Foy2) nave been observed in the 
contact-zone at Nugarmiut 1, while the olivine-pyroxenite hosts olivines ranging 
in composition from Fos2 to FOQQ (e.g. 278011).
4.5.10 OLIVINE CRYSTAL CHEMISTRY.
Olivines appear to have been an early crystallising phase in the 
mica-pyroxenites from Tugtutoq 2 and in the olivine-pyroxenite from Nugarmiut 
4. The compositions of these crystals range from Foyo to Foss and are less 
forsteritic than expected for a primary melt (i.e. Fogrj-Fog4; Basaltic Volcanism 
Study Project 1981 p409-432). Assuming that the distribution coefficient (Kg)
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for MgO and FeO between olivine and melt is -0.3 (Chapter 6; Roeder and 
Emslie, 1970), the Nugarmiut olivines (e.g. -Fogs) would be in equilibrium with a 
melt of Mg-number (Mg#=Mg/(Mg + Fe 2 "1")) -0.60. The Mg# from the 
whole-rock analysis is -0.79 (Chapter 5), which suggests that A) the distribution 
coefficient for these magmas is >0.3 (Chapter 6) and, or, B) the measured Fe 
content of the rock is greater than that which existed at the time of olivine 
crystallisation, and, or, C) the Mg content of the rock does not represent that of 
a liquid due, perhaps, to olivine accumulation and, or, D) the olivines are not the 
liquidus composition.
The crystallisation of forsterites associated with magnetite, perovskite and 
pyroxene (278119) is more problematical. Crystallisation of Fogg would require 
the melt to have a Mg# = 97, assuming KQ = 0.3. Forsterites, Fogs, nave been 
reported to have crystallised from oxidised basaltic melts by Sigurdsson and 
Brown, (1970) and by Johnston and Stout, (1984b). Experimental work has 
shown that a high fO2 gives rise to high forsterite contents and delays the 
onset of olivine precipitation (Roeder and Emslie, 1970; Biggar, 1974). 
Forsterites, (Fogs) have been synthesised from a ugandite melt by Kilinc et al., 
(1983), at a temperature of 1225°C and a log fO2 of -0.68. The crystallisation 
from a liquid of Fogg is, therefore, in the realms of possibility, but it would 
require a very high fO2-
NiO contents never exceed 0.45wt% and are usually less than 0.3wt%. Fig. 
4.30 illustrates that there is no correlation between Ni and forsterite content. A 
lack of correlation with forsterite is also observed for Mn and Ca (Fig. 4.30).
The Ca contents in olivines have been related to silica activity, pressure, 
cooling rate and liquid composition (Simkin and Smith, 1970; Stormer 1973; 
Donaldson et al., 1975a; Watson 1979). In the TNU the CaO contents range from 
0.01 to 0.90wt% and are within the range typical for igneous olivines, with many 
being in the hypabyssal and extrusive fields delineated by Simkin and Smith, 
(1970). High Ca contents have been related to low Si-activity by Simkin and 
Smith, (1970) and Stormer, (1973). This parameter, however, does not appear to 
have strongly affected the compositions of the olivines from these ultramafites. 
Using Watson's, (1979) distribution coefficient for Ca between liquid and olivine, 
the phenocrysts in the TNU should be in equilibrium with a liquid with between 
3-10wt% CaO. These predictions give lower values than those observed in the 
whole-rock contents (-11wt%, Chapter 5) and may be related to the outward 
diffusion of Ca from the olivine (Simkin and Smith, 1970).
Olivines with the highest CaO contents are associated with monticellite. 
Warner and Luth, (1973) determined the solubility of CaMgSi04 in
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under a variety of conditions. While the degree of solid solution can be quite 
large (up to 15mole%), the solubility is below 5mole% (i.e. 1.3wt% CaO) at low 
pressures and moderate temperatures (~1025°C). The CaO content of the 
Nugarmiut olivines never exceed 1wt%.
As previously noted (Section 4.5.9), olivines in the contact-zone are 
intermediate in composition, between those in the gabbro and those in the 
ultramafite (fOQ2), and are crowded with minute (<1um) dendrites and rods of 
an opaque phase (Section 3.9). The larger opaque inclusions, in and around the 
olivines are Ti-magnetites (Section 4.4.10), but the finer intergrowths have not 
been identified. The density of the intergrowths is directly related to the 
forsteritic content of the host, with the FOQS'S having pale, translucent 
submicroscopic intergrowths and the Foy2's having abundant opaque or 
translucent rods, dendrites and blebs. Haggerty and Baker, (1967) showed that 
the high temperature oxidation of olivine results in haematite intergrown with a 
forsteritic host, while Johnston and Stout, (1984a) reported enstatite - 
magnesioferrite - magnetite intergrowths in a forsterite and attributed their 
formation to oxidation of olivine at an f02 of 10 at 1165°C. As an Fe-bearing 
olivine is only stable under specific conditions of P, T and f02 (Nitsan, 1974), the 
presence of the intergrowths only testifies to the change in one or more of 
these parameters during the cooling history of the contact-zone.
4.5.11 SUMMARY AND CONCLUSIONS.
The following points have emerged from the study of olivine compositions:
1)Based on simple partition coefficients for Mg and Fe, the phenocrysts in the 
Nugarmiut 4 and Tugtutoq 2 exposures are not the composition of the liquid. 
This will be discussed in greater detail in Chapter 6.
2) Olivine phenocryst compositions are comparable to those of primitive basalts 
and fall within the range for ultramafic lamprophyres i.e. Foy8-Fog2 (Rock, in 
press).
3) The forsterites may be the products of crystallisation from a highly oxidised 
liquid, but their textural habits suggest that they are more likely to be later 
recrystallisation products.
4) High forsterite contents correlate positively with; A) increase in the colour of 
the coexisting pyroxenes, B) increasing height above sea-level in the Nugarmiut 
3 and 4 exposures, C) increase in the modal proportion of magnetite and 
perovskite at the expense of ilmenite.
5) The process which has given rise to the forsterites in the ferrian-pyroxenites 




Garnets in the ultramafites were initially identified as andradites by Upton 
and Thomas, (1973). They deviate from the general garnet formula 
(X3 +Y2 Z34*O12) bY having more than 3 quadrivalent cations, more than 3 
divalent cations and less than 2 trivalent cations p.f.u. (Fig. 4.31). This is quite 
typical of Ti-rich andradites and only recently has the distribution of Al, Ti and 
Fe between the Y and Z sites been partially resolved (e.g. Muggins et al., 1977a). 
In general, the Nugarmiut garnets are Ti, Ca and Fe -rich and Mg, Fe , and 
Mn-poor. Their compositions range from nearly pure andradite (Ca3Fe2Si30-|2) 
to melanite (1-5wt% TiO2) to schorlomite (5-20wt% Ti02). Representative 
analyses are tabulated in Appendix B, Table B9.
4.6.2 SUMMARY OF GARNET PARAGENESIS.
The majority of the garnets occur around an opaque phase, either rimmed by 
haematite or surrounded by an aggregate of perovskite granules. The garnets 
are strongly zoned, rarely euhedral and occasionally birefringent (Plate 3.3). 
Coexisting pyroxenes and micas, if present, are Ti-poor. These garnets appear 
to have formed by the interaction of a residual liquid with the existing crystalline 
phases.
Less typically, garnets occur as small (10um-100u m), rounded, often 
coalescing crystals, enclosed within the ferri-diopsides and micas.
Dispersed along the length of the veins that pervade the ferrian-pyroxenites 
are anhedral to euhedral, yellow to colourless garnets. Associated pyroxenes 
are colourless, nearly pure diopsides and exist with chlorite and minor amounts 
of calcite. Colourless or pale garnets may also occur in the pegmatitic 
segregations and in the leucocratic layers of Nugarmiut 3 and 4.
4.6.3 RECALCULATION PROCEDURE.
Garnets (XYZO-|2) have three distinct cation lattice sites; the tetrahedral
site Z, the octahedral site Y, and the eight-fold sites X. Ca and Mn (and if
9 + required Mg) is allocated to the X-site, with the remaining Mg and Fe to the
Y-site and Si to the Z-site. The assignment of Ti, Fe and Al between the Y 
and Z site may be partially resolved by Mossbauer spectroscopy and 
stoichiometric considerations, but cannot be resolved from the chemical analysis 
alone.
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The Fe contents have been calculated assuming stoichiometry, converting
2+ 
Fe to Fe until a cation to anion ratio of 8:12 was achieved. The errors in
this procedure have previously been noted (Section 4.2.3). Mossbauer
measurements, however, reveal that in many Ti-garnets stoichiometric
f\ , 
calculations produce an overestimate in the Fe content due to the presence of
Ti . In the present study this error has been neglected. Mn may also be in an 
unusual oxidation state, namely Mn 3 "1" (Amthauer et al., 1977) and this again has
been neglected, due to the low concentration of Mn. The stoichiometric
"\+ ^+ calculation of the Fe content could, therefore, be an overestimate if Mn is
O_|.
present and an underestimate if Ti is present. Garnet cation sums >8, after
the conversion of all the available Fe, may contain some Mn but are unlikely
0 +
to contain Ti .
4.6.4 GARNET COMPOSITIONS FROM NUGARMIUT 2.
Garnets are restricted to the transition zone, where they occur within the 
veins (278052), around the opaque phases (278072) and as discrete crystals
enclosed within the pyroxenes and micas (278053).
"3+ 
Ca contents remain roughly constant at 31wt%, while Fe contents vary
between 20 and 26wt% Fe2O3- FeO contents are usually close to zero and 
never exceed 2wt%. The greatest variation occurs in TiO2, which ranges from 
3.5wt% to 20wt%, which is close to the maximum solubility of Ti in pure 
andradite (Huckenholz, 1969b). Ti-rich garnets are poor in Si02 (down to 
22wt%), while Ti-poor garnets are rich in Si02 (up to 35wt%). Zonation is 
visible in all garnets and is shown by rims being poor in Ti and rich in Si02 and 
MgO (4wt% in sample 278053). Ti-rich garnets are associated with an opaque 
phase and perovskite while Ti-poor crystals are restricted to the veins or to 
garnet rims.
4.6.5 GARNET COMPOSITIONS FROM NUGARMIUT 3.
Garnets have been analysed from the pegmatitic segregations (85920), from 
the leucocratic layers (278099) and from the veins in the ferrian-pyroxenite 
(278084, 278089).
As in the Nugarmiut 2 exposure, the garnets in the veins are poor in TiO2 
(1-7wt%) and rich in Si02 (31-35wt%). Ti-poor garnets are also characteristic 
of the leucocratic layers, where they are associated with vesuvianite, while 
Al-rich (15wt% AI2O3) crystals are characteristic of the pegmatitic segregations. 
These latter crystals may be twinned, zoned and birefringent (Plate 3.3, 85928).
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4.6.6 GARNET COMPOSITIONS FROM NUGARMIUT 4.
Garnets have only been analysed from a single white layer in the lower part 
of this exposure (278130). TiO2 contents range from 8-9wt%, A^Os from 
2.7-3wt% while MgO contents are <1wt% and MnO contents and FeO contents
^
are usually <0.4wt%.
4.6.7 OPTICAL PROPERTIES OF THE NUGARMIUT GARNETS.
In thin section the Nugarmiut garnets range from colourless to pale-yellow 
to golden-brown. The colour appears to be related to the Ti content, with 
andradites being faintly yellow and schorlomites golden-brown. Muggins et al., 
(1977b), however, suggested that the correlation between Ti and colour is not 
this straight forward. For example, Huckenholz, (1969b) synthesised a Ti-rich 
garnet (20wt% Ti02) which was yellow, while natural garnets with a much lower 
Ti content may be almost opaque. Muggins et al., (1977b) suggested that the
presence of Fe in the octahedral and tetrahedral sites contributes to the
9+ colour, with Fe -rich garnets being more deeply coloured. The rather pale
Nugarmiut crystals suggests that they contain only minor amounts, if any, Fe . 
This is consistent with the estimated contents which rarely exceed 1wt% FeO.
Birefringent, zoned crystals have been mentioned above (Section 4.6.5). 
While unusual, such features are not uncommon in Ca-rich garnets (e.g. Lessing 
and Standish, 1973; Murad, 1976; Meagher, 1981) and the cause of the 
birefringence has been studied. Lessing and Standish, (1973) and Hariya and 
Kimura, (1978) examined strongly zoned and birefringent crystals and concluded 
that the isotropic portion was rich in Al. Conversely Murad, (1976) reported that 
in the crystals he studied Al was strongly depleted in the isotropic zones. In 
both cases the bulk composition was andradite. Chemical composition does not, 
therefore, appear to be the prime cause of birefringence. The alternating
o +
substitution of Al and Fe in the octahedral site has been suggested as causing 
stress in the crystal lattice and hence birefringence (Lessing and Standish, 1973). 
Alternatively the garnets may not be cubic but orthorombic, with cation ordering 
occurring on the octahedral site (Takeuchi and Haga, 1976).
Hariya and Kimura, (1978) showed that the birefringence is not a permanent 
property and may be destroyed by heating between 850° and 955°C and that 
birefringence may be restored by annealing at lower temperatures, (600-800°C). 
The temperature of inversion appears to vary from sample to sample (cf. Alien 
and Fahey, 1957) and does not appear to be related to composition. Finally, 
birefringent garnets may be synthesised between 650 and 750°C in the presence 
of CO2 and H20 (Hariya and Kimura, 1978).
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The chemical and optical changes observed across a zoned and birefringent
Nugarmiut garnet (Plate 3.3) are shown in" Fig. 4.32. The colourless zones are
3+ rich in Al (i.e. grossular component) and poor in Fe . The Ti content varies
relatively randomly across the crystal. The euhedral shape of the crystal 
precludes the possibility that the birefringence is caused by stress during crystal 
growth. There appears to be no chemical distinction between the birefringent 
and isotropic zones. Oxide summations across the zone, however, fall from 99.2
<x<\
to 98.2 and although it is unreliable parameter it does suggest that the
A
birefringent zone contains another element. A search for likely candidates 
proved negative. It is suggested, therefore, that the Si = 4H substitution may be 
present giving, by analogy with hydrogrossulars, a crystallisation temperature 
<400°C (Hsu, 1980). H substitutions have been suggested as a cause of 
birefringence (Meagher, 1981), although none of the alternative causes 
mentioned above can be eliminated.
4.6.8 SUBSTITUTION SCHEMES.
The substitutions in melanites and schorlomites have been a source of 
controversy for many years. Their crystal chemistry is significantly more
complex than that of other natural garnets, due to the distribution of Ti , Ti ,
2+ 3+ Fe , Fe and Al between the X and Z sites. Based on the chemical analyses
alone, the substitution schemes cannot be determined. However, Huggins et al., 
(1977a), by means of Mossbauer spectroscopy, were able to establish the Fe 
distribution between the octahedral and tetrahedral sites in synthetic garnets. 
Based on the measured Fe contents and the crystal-chemical constraints of the 
system, the tetrahedral site preference was found to be AI>Fe>Ti. Using the Fe 
distribution data for the andradite - Ca3Fe2Ti-j 42Sii.58012 J°' n tne tetrahedral 
Fe content may be calculated for natural crystals which approximate to this 
system. The effect of temperature on the Fe distribution is considered minimal 
(Huggins et al., 1977b). The distribution of Al and Ti between the octahedral and 
tetrahedral sites cannot be assessed, but, assuming that all the Al is in the 
tetrahedral site, it is possible to estimate the minimum Ti contents. This is 0.24 
for sample 278053 (~8% of the tetrahedral site) while for sample 278103 it is 
0.0. Clearly, using the calculated Fe4 contents the predicted Ti contents can be 
high.
Schwartz et al., (1980) studying natural Ti-garnets and using different peak 
fitting procedures and peak assignments, questioned the tetrahedral site 
preference proposed by Huggins et al., (1977b). Schwartz et al., (1980) proposed 
that site preference is Fe *> (Al, Ti) and that other estimates on the
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tetrahedrally coordinated Fe 3 "1" could be in error by as much as 30%. 
Furthermore, they assigned the peaks at 1.62mm sec" and -0.02mm sec" to 
electron delocalisation, rather than to tetrahedrally coordinated Fe 2 "1" as 
suggested by Muggins et al., (1977b).
Consideration of the garnet compositions yields a little information on the
substitution schemes present. Ignoring the possibility of tetrahedrally
9+ coordinated Fe , andradite substitution schemes involving the tetrahedral and
octahedral sites are:
S1. Si 4 = Ti 4
S2. Fe6 " + Si 4 = Ti 6 + Fe43+
53. Fee 3 "1" + Si 4 = Ti 6 + AI4
All schemes are illustrated in Fig. 4.33 and all fall on the 1:1 correlation line. 
Only Al may not be present in sufficient quantity to compensate for the Si 
deficiency (3-Si). A strong positive correlation between Ti and (3-Si) does not 
imply that S1 is the dominant substitution, or that it is even present. As Ti> 
(3-Si), S1, S2 and S3 cannot account for all the Ti alone and another Ti 
substitution must be present e.g.
54. 2Fe6 = Ti 6 + R2+
where R represents any divalent cation. Fe has been positively located on
the octahedral site by Muggins et al., (1977b) and others.
The substitution S4 may be of importance in the Nugarmiut garnets as all
2+ have an excess of divalent ions (i.e. R >3) (Fig. 4.34). Inspection of published
Mossbauer analyses (e.g. Muggins et al., 1977b; Schwartz et al., 1980) reveals 
that the divalent cation is normally Fe. However, considering the abundance of 
Mg in the Nugarmiut garnets and its ionic radii, it is the most likely candidate to 
enter octahedral coordination and therefore be the dominant divalent cation in 
substitution S4. Alternatively, the Ti may be in the trivalent state, opening the 
possibility of substitution S5 to account for the excess (i.e. Ti > (3-Si)) of Ti:
55. Fe 6 * T ' 3 *6
Ca in many of the garnets is >3p.f.u.. While this is unusual in garnets it is 
not unique, having previously been reported by Muggins et al., (1977b). The 
presence of H substitutions has already been suggested and may well explain 
the low summations and the anomalous cation contents in some of these high 
Ca-garnets (Appendix B).
4.6.9 STABILITY AND CRYSTALLISATION CONDITIONS OF Ti-GARNETS.
Huckenholz, (1969b), studying the system Ca3Fe2Si30-|2 - Ca3Fe2Ti3O-|2' 
showed that Ti-garnet is a stable phase in air at atmospheric pressure up to
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temperatures of 1315°C, where it becomes a liquidus phase. The maximum Ti 
solubility in andradite under these conditions is 20wt% at 1137°C. Gustafson, 
(1974) showed that pure andradite has a large stability field and he suggested 
that its presence is not necessarily indicative of high f02- Furthermore, due to 
Ti * and Fe 2 "1" in the garnet structure, Muggins et al., (1977b) also suggested that 
Ti-garnets are not indicative of a high fO2, with Ti stabalising the Fe in the 
crystal lattice (Huckenholz et al., 1976). A low fO2 will, however, produce a low 
oxidation ratio ((Ti4+ + Fe 3"V(total Ti + Fe)). The presence of Ti 3 "1" cannot be
Oj.
assessed in the Nugarmiut crystals, as even if all the Fe was Fe , Ti may still 
be in its lower oxidation state (Muggins et al., 1977b). However, the total 
oxidation ratio is reflected in the Fe oxidation ratio (Fe3+/[Fe3+ -t-Fe 2 "1"]) and can 
be used to suggest the stability range of the garnets. Crystals with a low 
oxidation ratio may have crystallised at a low f02, while garnets with a high 
ratio may be indicative of an oxidising enviroment. The Nugarmiut oxidation 
ratios are always high (0.98-1), suggesting crystallisation under a high ambient
4.6.10 COMPARATIVE STUDY OF Ti-GARNETS.
Garnets of the andradite - melanite - schlorlomite group are 
characteristically found in pyroxenites, ijolites, uncompahgrites, melteigites and 
nepheline-syenites (e.g. Iron Hill, Colorado; Magnet Cove, Arkansas). They 
rarely occur in some some ultramafic lamprophyres (UML) e.g. damkjernite 
(Griffin and Taylor, 1975) and carbonatitic lamprophyres (Hansen, 1980). They 
may be a primary crystallising phase, a late crystallising phase (often occurring 
as a reaction product between early minerals and residual fluids) or a part of the 
melilite pseudomorph assemblage.
The Nugarmiut garnets are distinctive in combining very high Ti-contents 
(20wt%) and high MgO contents with low AI203 and low FeO contents.
4.6.11 SUMMARY AND CONCLUSIONS.
The following conclusions have arisen from the study of the garnet 
chemistry:
1) The Nugarmiut garnets range from almost pure andradite to schorlomite, in 
which the Ti content is close to the maximum permissible.
2) The garnet chemistry suggests that some Ti may be present on the 
tetrahedral site. However, other substitutions occur and the relatively high Mg 
contents found in the Nugarmiut crystals suggests that the substitution 2Fes = 
' is also P resent -
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3) The crystallisation under high ambient f02's is suggested by the faint colour
o +
of the garnets and the need to convert all the Fe to Fe° in an attempt to attain 
stoichiometry.
4) The presence of hydromelanite is suspected in some specimens which would 
suggest that crystallisation took place at temperatures <400°C.
4.7 PEROVSKITE CHEMISTRY.
4.7.1 INTRODUCTION.
A study of the perovskite chemistry is of importance as it may indicate the 
conditions under which the perovskite crystallised (Mitchell, 1972) and may 
reveal genetic relationships between rock types (Jones and Wyllie, 1984). 
Furthermore its rare earth element (REE) content may reflect the REE chemistry 
of the whole-rock (Jones and Wyllie, 1984). For these reasons a brief 
description of the perovskites is given below. Analyses are tabulated in 
Appendix B, Table B10.
4.7.2 SUMMARY OF PEROVSKITE PARAGENESIS.
Perovskites occur either as isolated subhedral to euhedral crystals enclosed 
within a silicate, or more frequently, as reaction rims around Fe-oxides. 
However, the Fe-oxide may also be acting purely as a nucleation site for 
perovskite crystallisation. Garnets frequently form a rim around the perovskite, 
while in the pegmatitic segregations perovskite may be mantled by sphene. In 
general, the perovskites are not associated with ilmenite or, ulvospinel. The 
modal concentration varies from 0-10%. Zoning may produce crystals with pale 
rims around a deeply coloured core.
4.7.3 MINERAL CHEMISTRY.
The general formula of perovskite is CaTiO^, but numerous elements may
substitute for Ca (e.g. REE, Sr, K, Na, Mg and Fe 2+ ) and for Ti (e.g. Nb, Si, Zr, Al, 
Cr and Fe3 "1"). In the absence of other REE-bearing phases (e.g. apatite, sphene, 
calcite), perovskite may be the sole repository for these elements and hence 
influence the whole-rock REE chemistry. Like apatite, perovskite preferentially 
incorporates the LREE (Nagasawa et al., 1981), due to the smaller ionic size of 
the HREE and the limits on the lattice distortions which the crystal can 
accommodate.
Preliminary (EDS) analyses of the Tugtutoq-Nugarmiut perovskites reveal that 
many of the crystals have a low content of substituting cations, as revealed by
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the high CaO + Ti02 summation (Appendix B). The low Fe contents of the 
perovskites is of interest as Fe concentrations have been used to indicate the 
oxygen fugacities at the time of crystallisation, with a high content reflecting a 
high f02 (Boctor and Yoder, 1980) and a low content reflecting a low f02 
(Mitchell, 1972; Jones and Wyllie, 1984). These assumptions are based solely on 
the experimental work in the system CaO - iron oxide - Ti02, under reducing 
and oxidising conditions (Kimura and Muan, 1971a). The results showed that 
there is extensive solid solution between CaTi03 and Fe203, but none between 
CaTiOs and FeO. Mitchell, (1972), however, noted that some of the perovskites 
reported by Smith, (1970) contained very little Fe (<2wt% FeO) and yet were 
assumed to have crystallised under relatively oxidising conditions. There is little 
doubt that the TIMU crystallised under a high ambient f02, and yet the 
perovskites frequently have <1wt% FeO.
The Fe content has also been used to distinguish between perovskites from 
kimberlites and those from carbonatites, with the latter being richer in Fe (Jones 
and Wyllie, 1984). Low Fe contents are, however, also found in the mafurite and 
ugandite lavas of Uganda (Smith, 1970) and in the pyroxenites of Iron Hill, 
Colorado (Nash, 1972), while high Fe contents (7-11wt%) are also found in the 
madupites from the Leucite Hills (Carmichael, 1967b).
A more detailed study of selected perovskites has been carried out using 
WDS. Although some of the elements could not be detected (e.g. HREE) and 
others are close to the detection limit (e.g. Zr, Appendix B, Table B2), the 
relative variation in La, Ce, Nd, Nb and Sr between samples is believed to be 
real. These variations are conveniently displayed in the chondrite-normalised 
diagrams shown in Fig. 4.35.
The concentration of the REE in the individual perovskites is low and may be 
attributed to the high modal proportion of the mineral. The 
chondrite-normalised trace element patterns (Fig. 4.35) are, however, difficult to 
relate to the coexisting mineralogy, textural habit or sample location. La is 
strongly enriched relative to Nd, giving rise to steep REE patterns. Only the 
Fe-rich perovskites from sample 278053 have straight REE patterns. Zoned 
crystals show rims richer in Nb, La, Ce, Nd and poorer in Sr than the cores. 
Perhaps the most distinctive feature, however, is the preferential enrichment of 
Ce observed in the majority of the crystals. High Ce values are, however, not 
uncommon and have been reported by Jones and Wyllie, (1984) as being 
characteristic of kimberlite perovskites. Eby, (1975) suggested that Ce may exist 
in the 4* state under highly oxidising conditions and hence be more readily 
accommodated into the pyrochlore structure; a structure similar to that of
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perovskite. If this is the case, then it may well explain the high Ce levels in the 
Tugtutoq-Nugarmiut perovskites, but cannot explain the high contents found in 
kimberlite perovskites, which are believed to have crystallised at a low
4.7.4 SUMMARY AND CONCLUSIONS. 
It is concluded that:
1) The perovskites from the TNU are Fe, Nb, La, Ce and Nd poor in comparison 
to many perovskites.
2) The high modal proportion of perovskite may result in the whole-rock being 
LREE-enriched particularly in Ce, while fractionation of perovskite will deplete a 
melt in these elements.
3) That a low Fe content is not necessarily indicative of crystallisation at a low
4) The presence of perovskites mantled by sphene suggests that during the 
course of crystallisation the activity of silica increased (Haggerty, 1976b).
5) The strong Ce enrichment may be explained by the presence of Ce and 
suggests a high ambient f02-
4.8 ACCESSORY MINERALS.
4.8.1 INTRODUCTION.
Sections 4.2 to 4.7 have covered the mineral compositions of the major or 
characteristic phases found within the ultramafites. There are also a variety of 
accessory minerals whose overall concentration is usually low, but which in 
localised areas may be >10%. It is these phases that are briefly described in 
the following sections. Their compositions are tabulated in Appendix B, Table 
B11.
4.8.2 PLAGIOCLASE FELDSPARS.
The occurrence of plagioclase is restricted to the contact-zor:? of Nugarmiut 
1 and 2, to the pegmatitic segregations of Nugarmiut 3, as an interstitial phase 
in the lower part of the Nugarmiut 3 and 4 exposures and occasionally occurs in 
the Tugtutoq 1 and 2.
Plagioclase from the surrounding gabbro ranges in composition from 63% 
anorthite (Anea) to An38 (Upton and Thomas, 1980). On the Nugarmiut 
peninsula, but away from the contact-zone (278030), plagioclase compositions 
lie within this range at An55> In the contact-zone the crystals are remarkably 
fresh. Their compositional range is slight (An64 to Angi) and is comparable to
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the most basic feldspar from the YGDC (Upton and Thomas, 1980).
Feldspars in pegmatitic segregations in the Nugarmiut 3 exposure (85920) are 
almost pure albites. They appear to be the final crystallising phase and their 
high Na contents are consistent with the Na-enrichment trends observed in the 
coexisting pyroxenes. It is suggested, therefore, that the residual fluids were Na, 
Al and Si-rich compared to the host rock.
The interstitial plagioclases found in the lower part of the Nugarmiut 4 
exposure have an anorthite content of Ans5 (i.e. labradorite).
4.8.3 AMPHIBOLES.
AmphijDole is a major constituent of the Tugtutoq 2 exposure and is a minor 
phase in the Tugtutoq 1 and the Nugarmiut exposures.
Partial amphibole analyses from Tugtutoq 2 are presented in Appendix B, 
Table B11. They are kaersutites with a rather limited range in composition. 
Ti02 contents average at ~-5wt%, CaO contents are ~12wt% and Na2O contents 
are generally <2.5 wt%. Mg-numbers fall between 70 and 90, with all the iron 
assumed to be in the ferrous state. These amphiboles, however, are notable for 
their high Sr contents, which reach a maximum of 0.86wt% SrO. Together with 
the coexisting apatites (SrO —1.7-1.8wt%) they account for the high Sr 
(~2400ppm) content found in the whole-rock analyses (Chapter 5).
Amphiboles are the rarest of mafic minerals in UML, but the Nugarmiut 
analyses encompass those from the UML (Rock, in press).
4.8.4 APATITE.
Apatite occurs in all samples studied. The modal proportion varies greatly 
and it locally becomes a major phase (10wt%). Inspection of the analyses in 
Appendix B reveals that all have low totals (~95wt%). This may be attributed to 
one or more of the following:
1) Mineral instability during analysis.
2) The presence of REE which are readily accepted into the apatite structure.
3) The presence of other elements e.g. C02, OH, Cl, F and Sr.
4) An error in the calculated concentrations of F (Section 4.8.11).
An element clearly responsible for the low totals in the analyses from sample 
85920 is Sr. Its concentration varies from 0 to 1.0wt%. These apatites are also 
the richest in F, which reaches a maximum of 3.5wt%. Cl contents, when 
analysed, are usually below the detection h'mit, but occasionally may be as high 




In the Nugarmiut samples chlorite is often associated with melanite and here 
it locally forms a major phase. Few crystals are free from inclusions of garnet, 
calcite, relict mica fragments, opaque minerals and perovskite. Inclusion free, 
euhedral crystals are almost pure clinochlores with only minor amounts of FeO 
(<3wt%), MnO (<0.5wt%) or K2O (<1wt%).
4.8.6 MONTICELLITE.
The leucocratic layers at Nugarmiut 3 (Section 3.4.1) contain microcrystalline 
material composed of diopside, andradite, calcite, olivine, vesuvianite and 
monticellite. The olivines associated with monticellite are Ca-rich, deeply 
corroded and embayed.
Although monticellite may crystallise from magmas to form monticellite 
alnoites (e.g. Haystack Butte, Yoder, 1979) and has recently been recognised as 
a major (-50%) groundmass phase in kimberlites (Clement et al., 1975), they are 
more frequently believed to be a metamorphic product (Yoder, 1979). The 
textural evidence present in the Nugarmiut rocks suggests that the monticellites 
have not crystallised directly from a liquid, but are reaction products.
Representative monticellite analyses from samples 278097, 278099 and 
278101 are tabulated in Appendix B. All contain minor amounts of MnO 
(<0.4wt%) and usually <0.8wt% FeO. A single sample, however, contains 2wt% 
FeO. Fe substitution is common in monticellites and has been reported to range 
from -3 to ~7wt% FeO by Mitchell, (1978b) with groundmass crystals being 
Fe-poor, while Janse, (1975) reported monticellites with up to ~9wt% FeO from 
the Brukkaros volcanic complex. The monticellite in this latter locality is 
associated with nepheline and olivine, and forms part of an incipient carbonatite 
volcano (Janse, 1975). The Nugarmiut crystals are, therefore, characteristically 
poor in Fe.
4.8.7 EPIDOTE.
Epidotes occur only in the coarse-grained segregations and in the globular 
structures found in the Tugtutoq 1 exposure. The analyses show that they are 
not pure epidotes but contain some clinozoisite component. A study of 
synthetic epidotes (Liou, 1973) showed that at a high f02 (>QFM) the stability of 
Fe-rich epidotes considerably expands, although the composition of the 
crystallising epidote is also dependent on the bulk composition. The presence 
of epidote in the pegmatitic segregations and the globular structures suggests 
that a high oxidation state existed in the final stages of crystallisation. This is
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consistent with the Fe 3 "1" zonation trends found in the clinopyroxenes.
4.8.8 CALCITE.
This phase may locally be quite abundant. All analyses are of low quality 
resulting from beam damage to the carbonate and have, therefore, not been 
presented in Appendix B. Semi-quantitatively, however, the analyses show that 
they are true calcites with low MgO contents (<0.08wt%) and negligible FeO 
contents (<0.02wt%). The SrO contents are, however, quite variable, reaching a 
maximum of ~1.3wt% in sample 278072.
4.8.9 WOLLASTONITE.
Wollastonite has been found in the veins cutting the leucocratic layers of 
Nugarmiut 3 (278099). Analysis shows minor amounts of MnO (<0.2wt%) and 
lesser amounts of FeO (<0.10wt%).
4.8.10 CELESTITE.
Celestite is also restricted to the thin (2mm) veins pervading the leucocratic 
layers of Nugarmiut 3 (278099). The crystals contain substantial amounts of Ba, 
giving the structural formula: Bag 31 Srg 59804. Minerals rich in Ba appear to be 
characteristic of the veins with the development of Ba-micas as found on 
Tugtutoq.
4.8.11 CUSPIDIIME.
Cuspidine (CaF2.CaO)3-(SiO2)2) n as frequently been reported from skarns 
(e.g. Broadford Skarn, Tilley 1947), but has not previously been reported from a 
rock of igneous origin. In the Nugarmiut samples it has only positively been 
identified in a two thin sections, in which it is locally quite abundant. However, 
without its characteristic twinning, its small crystal size makes it difficult to 
optically identify and its presence is suspected in several samples.
The EMP analysis of cuspidine is hindered by the large uncertainty in the 
mass absorption correction factors present in the fluorine ZAF calculation. No 
analysis obtained was stoichiometric (e.g. 033 gSi-| gF2.i). A search for minor 
elements revealed low concentrations of FeO (0.08wt%), A^OS (0.06wt%) and 
Na20 (0.05wt%). Experimental work has shown that no OH-F substitution occurs 
(Van Valkenburg and Rynders, 1958).
Cuspidine melts at 1410°C, but if heated at lower temperatures (<1200°C) 
for a period of time (12hr), then it breaks down to larnite. The mineral is readily 




Vesuvianite has been identified within the leucocratic layers of Nugarmiut 3 
and 4. Typically, the phase occurs in metamorphosed calcareous rocks, 
nepheline-syenites and in veins and pockets in ultrabasic rocks. The Greenland 
crystals appear to have formed by a reaction between the host 
olivine-pyroxenite and a Ca-rich phase (Chapter 5), and are associated with 
andradite and monticellite. Oxide summations and AI203 contents are low for 
vesuvianite, while TiO2 contents are often high (e.g. 3.5wt% TiO2) and are in 
keeping with vesuvianite compositions from nepheline-syenites (Deer et al., 
1982). Vesuvianite is stable between 360°C and 800°C at SOObar in the 
presence of water, but is unstable at XC02>0.5 (Deer et al., 1982).
4.9 CONCLUSIONS.
The characteristic features and the substitution schemes present in the major 
phases have been summarised in the previous sections. An overview of these 
characteristics and their implications concerning the genesis of the ultramafites 
is discussed below.
The compositions of the minerals found in the TNU are exceedingly rare or 
unique. The pyroxenes, micas and garnets are characterised by combining low 
Si and low Al contents, with moderate Ti contents. The tetrahedral site in these 
phases invariably hosts more than the two cations Si and Al. The third cation is
Oj.
assumed to be Fe in the pyroxenes (where it is abundant) and in the micas, 
but the garnets may also contain a fourth cation, Ti. Phases which do not
O j.
readily accept Fe into the crystal lattice are Mg-rich (e.g. olivine). These 
features are believed to be indicative of crystallisation from a Si, Al and 
alkali-poor enviroment under a high f02-
Estimates of the crystallisation conditions range from close to the QFM 
buffer (from the Il-Mt pairs) to just below the HM buffer (from analogy with 
other Pb-ll assemblages), while many of the phase assemblages are known to 
be stable in air. Most assemblages also appear to be stable at high 
temperatures (e.g. ferropseudobrookite, ferri-diopside and forsterite) but 
evidence of a low temperature (<400°C) cooling history is revealed by the 
presence of serpentine, hydro-garnet and vesuvianite.
The similarity of the Si-poor, Al-poor and oxidised mineral assemblages in all 
of the exposures studied, suggests they are genetically related. Furthermore, the 
presence of this assemblage in the Tugtutoq 1 exposure, which has retained its
1 14
igneous texture (Chapter 3), implies that an oxidised fluid did exist. The 
transition at Nugarmiut 3 and 4 from an assemblage comparable to that of UML 
to an oxidised assemblage consisting of pyroxenes rich in ferri-Tschermaks 
molecule, olivines rich in forsterite, together with perovskite or pseudobrookite, 
is gradational. The assemblage is not related to the proximity of the gabbro (cf. 
Nugarmiut 1), but is related to height within the intrusion. The oxidised 
assemblage is noticeably poor in hydrous minerals (and hence H20), but does 
contain moderate concentrations of apatite and hence F and P. Cl contents are 
low in all phases. Unfortunately the mineral compositions in the 
ferrian-pyroxenite could equally well be the result of crystallisation from a liquid 








Fig.4.1 Tugtutoq and Nugarmiut pyroxene compositions, expressed as 
wollastonite (CaSiOs), enstatite (MgSiOs) and ferrosilite (FeSiOS), 
calculated by: CaSiOs = Ca/Ca-^Mg+Fe; MgSiOs = Mg/Ca+Mg+Fe; FeSi03 
= Fe/Ca-t-Mg-i-Fe, where Fe = total iron.
TABLE 4.1

























































1 .720 +- 0.003










on 0.5Z uncertainty after Finger (1972).
THE FERROUS IRON CONTENT CALCULATED AND MEASURED
FeO 1 FeO 2
0.36 0.37
FeO = Analysed by wet chemical methods (average of 4)
2 
FeO = Calculated assuming a cation-.anion ratio of 4:6

























Fig.4.2 The typical zonation trend observed in the majority of the 
Tugtutoq-Nugarmiut pyroxenes. (Element concentrations are in cation 




Ti CATIONS ~ Al CATIONS
Fig.4.3 Compositional variation of pyroxenes from the central-zone, 
Nugarmiut 2. Note that the change in pyroxene composition from the 
matrix (X) to the cores of the micaceous fragments (D) is similar to the 
typical core (C) to rim (R) zonation within the majority of the 
Tugtutoq-Nugarmiut pyroxenes. Occasional rims of nearly pure 




















Ca CATIONS Fe'^Fe+Fe" CATIONS
Fig.4.4 A. Compositional variation of pyroxenes from Nugarmiut 3. 
Pyroxenes from the olivine-pyroxenite (X) have a low oxidation ratio, 
while pyroxenes from the pegmatitic segregations (+) have high 
oxidation ratios and low Si contents.
B. Compositional variation of pyroxenes from Nugarmiut 4. As in 
A, pyroxenes from the olivine-pyroxenite (x) have low oxidation ratios 
compared to those from the ferrian-pyroxenite (D). Relict pyroxenes 
from the leucocratic horizons (W) and from the veins (V) are similar to 






















PX-CC PX-OP PX-OP-PV PX-OP PX-PH-AM-OP
Fig.4.5 The variation in pyroxene compositions within a vein, analysed 
in a traverse from the core to the host rock, perpendicular to the 


























2 - Si CRTIONS.
0.3 0.4
Fig.4.6 Tetrahedral site deficiency (2-Si) vs. Al content, plotted as 
cations per 6 oxygens. Note that the majority of pyroxenes have 
AK(2-Si). Substitution schemes discussed in the text are illustrated 
(S1,S2,S3). r * correlation coefficient for the line through the data 
points. Symbols used within the following diagrams are as follows; x = 
Nugarmiut 1. + » Nugarmiut 2, Q * Nugarmiut 3, 0 = Nugarmiut 4, A = 
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Fig. 4.7 Ti vs. Al and Ti vs. oxidation ratio for all Tugtutoq-Nugarmiut 
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2 - Si CRT IONS.
0.3
Fig.4.8 Tetrahedral site deficiency (2-Si) vs. octahedral cations of Al, 
Fe 3 * and Ti. If substitutions S1, S2, S3, S4, S5 and S6 are the only 
substitutions present, then the data points would fall on the 1:1 line 





















Fig.4.9 Composition of the Tugtutoq-Nugarmiut pyroxenes expressed in 
terms of "endmembers", the calculation of which is described in 
Section 4.2.11.
O Tugtutoq olivine-pyroxenites, x Nugarmiut olivine-pyroxenites 
| Nugarmiut ferrian-pyroxenites, <] pegmatites and veins.
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TABLE 4.2



















































































































1=Tetrahedral site occupancy calculated from stoichiometry. 
2=Tetrahedral Fe occupancy from Mossbauer spectroscopy Ve 
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Si + R! CRTIONS.
8.0 8.2
Fig.4.10 Composition of Tugtutoq-Nugarmiut micas. The figure 
illustrates that no mica has a Si + Al content >8, but this deficiency 
may be accounted for by entry of Ti or Fe into the tetrahedral site
29

















































































































































































1 Tugtutoq mica crystal, mean of 14
2 Mansker ( 1979)
3 Mansker (1979)
4 Velde (1979)
5 Wendlandt (1977 )
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fig + Mn + Fe" CRTIONS.
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Fig.4.11 Possible substitution schemes (SI - S6) for entry of Ti into the 
mica crystal structure. Symbols refer to specific outcrops and have 
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Mg + Mn + Fe" + Fa"1 CflTIONS.
Fig.4.12 Combined substitution schemes involving entry of Ti into the 
mica structure illustrated for the Nugarmiut 1 and 2 crystals. Symbols 
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6-Si CRTIONS.
Fig.4.13 Substitution of Ba into the mica structure. Substitution scheme 











































Fig.4.14 Substitution of Ba on the interlayer site in the mica structure. 


























Fig.4.15 Substitution scheme (S12) K + 3Mg + 3Si = Ba + 2Ti + 3AI 
(Mansker et al., 1979) for the Tugtutoq-Nugarmiut micas. 
0 = KBaMg6Al3Si5020(OH)4 <* = K2Mg4TiSi 6AI 2O20(OH)4 I =







































Fig.4.16 Substitution scheme (S14) K + 3Mg + 3Si = Ba + 2Ti •»• 3(6-Si) 










































Fig.4.17 Comparison of the Tugtutoq-Nugarmiut micas with published
analyses
LL = Lamproite lamprophyres (average (•) and standard deviation) from
Rock, (in press).
AL = Alkaline lamprophyres (average (•) and standard deviation) from
Rock, (in press).
UML = Ultramafic lamprophyres (average (•) and standard deviation)
from Rock, (in press).
CAL = Calc-alkali lamprophyres (average (•) and standard deviation)
from Rock, (in press).
MARID = Field for the micas from the MARID suite, from Bachinski and
Simpson, (1984).
MITCHELL = Division between kimberlite and lamprophyres (shadow)
and lamproites, from Mitchell, (1981).
KIMBERLITE = Kimberlite field from Bachinski and Simpson, (1984) and
based on references therein.
* Mica composition from the Fen damkjernite (Griffin and Taylor,
1975)
* Mica composition from the Marathon UML dykes (Platt and Mitchell,
1982)
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Fig.4.18 llmenite and magnetite compositions from Nugarmiut 1. 
Standard deviations (cr) and averages are based on between 3 and 15 
analyses from a single thin section. Compositions of coexisting 
ilmenites and magnetites are projected into the FeO - Ti02 ~ Fe 2°3 
system and connected by tie-lines. Numbers at data points refer to 




















































































































































































































Fig.4.19 llmenite and magnetite compositions from Nugarmiut 2. 
Standard deviations (a) and averages are based on between 3 and 15 
analyses from a single thin section. Compositions of coexisting 
ilmenites and magnetites are projected into the FeO - TiOo - FeoCh 
system and connected by tie-lines. Numbers at data points refer to 








































































































































































































































































































































Fig.4.20 Pseudobrookite, ilmenite and magnetite compositions from 
Nugarmiut 3. Standard deviations (o) and averages are based on 
between 3 and 15 analyses from a single thin section. Compositions of 
coexisting ilmenites and magnetites are projected into the FeO - TiO? 
- Fe 2 O3 system and connected by tie-lines. Numbers at data points 































































































































































































































Fig.4.21 Pseudobrookite, ilmenite and magnetite compositions from 
Nugarmiut 4. Standard deviations (d) and averages are based on 
between 3 and 15 analyses from a single thin section. Compositions of 
coexisting ilmenites and magnetites are projected into the FeO - TiO2 
- F6203 system and connected by tie-lines. Numbers at data points 



































































































































































































































































































Fig.4.22 llmenite and magnetite compositions from Tugtutoq 1 and 2. 
Standard deviations (a) and averages are based on between 3 and 15 
analyses from a single thin section. Compositions of coexisting 
ilmenites and magnetites are projected into the FeO - TiO 2 - Fe 2 03 






































































































Fig.4.23 llmenite and magnetite compositions from the contact-zone. 
Standard deviations (a) and averages are based on between 3 and 15 
analyses from a single thin section. Compositions of coexisting 
ilmenites and magnetites are projected into the FeO - TiO2 - ^6203 
system and connected by tie-lines. Numbers at data points refer to 
the MgO content of specific compositions. YGDC= composition of 
coexisiting ilmenites and magnetites from the YGDC (Upton and 
Thomas, 1980). Shaded area covers the coexisting compositions from 
the olivine-pyroxenites at Nugarmiut 1 and 2.
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Fig.4.24 Partitioning of Al, Cr, Mg and Mn between coexisting ilmenites 
and magnetites, showing the preferential enrichment of Mn and Mg in 









Fig.4.25 Comparison of the ilmenites from the Tugtutoq-Nugarmiut 
ultramafites with those from kimberlites (K), basalts, lamprophyres, 
carbonatites and granites (A), projected into the system 








550 650 750 850
Temperahure C
950 1050 1150
Fig.426 Calculated T-fO2 conditions from coexisting ilmenites and 
magnetites. Samples from Nugarmiuts 1 (•) and 2 (+), Tugtutoq 1 (^) 
and Tugtutoq 2 (•) are illustrated. The effect of T-fO2 estimates using 
three different recalculation schemes (see text) is illustrated for two 
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Fig.4.27 Coexisting pseudobrookites ilmenites and magnetites for the 
Tugututoq-Nugarmiut ultramafites. Solid lines connect coexisting 
assemblages. Dashed lines are representative oxygen isobars and are 








Fig 4.28 Phase diagram for the system Ti02 ~ M9° ' pe2°3 at 1000°C, 
taken from Woerman et al., (1969). The Figure illustrates the stability of 
a pseudobrookite (PB) and a spinel (SP) in preference to a spinel (SP) 
and an ilmenite (IL-j and I1-2) for some situations. Woerman et al., 
(1969) also suggested that the two fields PB + IL-| + SP and PB + IL2 + 






Fig.4.29 Comparison of published pseudobrookite analyses with those
from the TNU. Dashed line defines the field for the Nugarmiut
analyses.
x= Nugarmiut pseudobrookites
O= Anderson and Wright, (1972), coexists with magnetite and ilmenite
in Hawaiian lava.
A = Dicky et al., (1971), skeletal pseudobrookite coexisting with
ulvospinel in a lamprophyre dyke.
0= Johnston and Stout (1984b), coexists with magnesioferrite from an
oxidised alkali gabbro.
V s Carmichael and Nicholls, (1967), coexisting ilmenites and
pseudobrookites in alkaline basic rocks.
+ = Haggerty, (1976a), oxidation products of Fe-Ti oxides.




















































Fig.4.30 Correlation between forsterite content (Fo=Mg 2 "l"/Mg 2 "1" ••• Fe 2 "*" ) 
and Ca, Mn and Ni. Cation fractions calculated using olivine 




X «Ca»Mn*Mg»F«" Sl*Ti = 2
Fig.4.31 Composition of garnets from the TNU showing that they have 
>3 quadrivalent cations, >3 divalent cations but <2 trivalent cations 















Fig.4.32 Zonation profile across a zoned and birefringent garnet (Plate 
3.3.) The Figure relates optical properties to chemical composition. 
Cation contents are based on a cation:anion ratio of 8:12 with 
adjusted accordingly. Distance is in arbitrary units.
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Fig.4.33 Ti-bearing substitution schemes (SI, S2, S3) for andradite 
garnet. The parameter (3 - Si) is equal to the tetrahedral site 
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Fig.4.34 Octahedrally coordinated divalent cations (R) calculated as an 













Sr Nb L< Ct Sr
Fig.4.35 Normalised perovskite compositions for the Nugarmiut samples. 
Normalisation factors taken from Thompson, (1982). Shaded area = 
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THE GEOCHEMISTRY OF THE TUGTUTOQ-NUGARMIUT ULTRAMAFITES.
5.1 INTRODUCTION.
Upton and Thomas, (1973) presented major and trace element analyses for 14 
samples from the TNU, giving a generalised impression of their unusual 
compositions. Since this publication, similar ultramafic rocks in the vicinity of 
Narssaq have been identified. In this study these Narssaq ultramafites are 
compared to the Tugtutoq-Nugarmiut samples with which they have much in 
common, and together represent a series of relatively K-rich, Si-undersaturated 
and often highly carbonated rocks, quite distinct from the basaltic rocks in the 
region. The Tugtutoq-Nugarmiut samples, however, are unique in their 
extraordinarily high oxidation state. Furthermore, it will be argued that the TNU 
not only represent the primitive members of this series, but also may have 
crystallised from primary melts formed by the partial melting of a 
garnet-lherzolite assemblage containing accessory phases which strongly 
influenced the chemistry of the ultramafites.
Further comparisons are made between the ultramafites studied and olivine 
melilitites, (which were suggested by Upton and Thomas, (1973) to be the 
volcanic equivalents of the ultramafites), kimberlites (to which they were inferred 
to be related by low-pressure olivine fractionation) and lamproites (to which 
their mineral compositions were compared). It will be shown that despite the 
heterogeneous nature of the ultramafites, they may be geochemically 
distinguished from these other rock types. Finally, they will be compared to 
ultramafic lamprophyres, whose mineral compositions appear to be similar to 
those of the Tugtutoq-Nugarmiut samples (Chapter 4).
The data set used for these comparative studies is based on 49 selected 
samples. Other samples, excluded from the study, have been analysed from the 
leucocratic layers, the contact-zone, the gabbros and from a vein in the 
ultramafites. The majority have been analysed for 10 major elements and 15 
trace elements by XRF and for FeO by wet chemical methods. Five samples 
have been analysed for their rare earth element (REE) contents. The analyses 
are presented in Tables C5 to C7. A discussion of the analytical procedures and 
precision estimates is presented in Appendix C.
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5.2 CHEMICAL VARIATION IN NUGARMIUT 1.
Texturally and mineralogically this is one of the most homogeneous outcrops 
studied and this is reflected in its restricted major (Fig. 5.1) and trace element 
variation (Appendix C). In general, the compositions are typical of the 
ultramafites, having low contents of Si02 (<35wt%), AI203 (<5.5wt%) and 
alkalis (~-0.8wt%), (with K£O often being in excess of Na20), and high contents 
of CaO (14wt%), MgO (17wt%), Ti02 (6.8wt%) and total Fe (~23wt% as Fe2C>3). 
The Fe-oxidation ratio (Fe#=Fe3+/Fe 2+ +Fe3+) is also high at -0.46.
The trace element contents are equally unusual and distinct from the basaltic 
rocks in the region, with the ultramafites being rich both in the compatible 
elements (Ni~-500ppm, Cr~450ppm, V~344ppm) and incompatible elements (e.g. 
Rb~44ppm, Ba~1700ppm, Nb~36ppm). Strong positive correlations exist 
between MgO and Ni and between <20 and Rb, but not between <2O and Ba, 
despite phlogopite being the only host for Ba and K. These correlations hold 
true for all the ultramafites studied (Table 5.1). Cu concentrations are variable 
(27-76ppm), and reflect the sporadic distribution of Cu-sulphides, usually 
concentrated in the pegmatitic segregations. In contrast Zn concentrations are 
relatively constant, ranging from 100-130ppm and correlate positively with Ti. 
The light rare earth element (LREE) contents, La (~14ppm), Ce (50ppm) and Nd 
(34ppm) are the lowest found in the TNU. Chondrite-normalised La/Ce and 
La/Nd ratios are both <1. This may be a reflection of the high modal proportion 
of clinopyroxene, which can show a marked negative La anomaly (Fesq et al., 
1975).
5.3 CHEMICAL VARIATION IN NUGARMIUT 2.
This exposure has been divided into three distinct units; a homogeneous 
outer zone, a transition zone and a central zone (Section 2.3). Samples from the 
homogeneous outer zone are generally similar in trace and major element 
contents to those from Nugarmiut 1, except for <2O, Rb, and Cu, whose 
concentrations are greater, averaging at ~1.0wt%, ~80ppm and ~130ppm 
respectively and reflecting the higher concentration of modal mica and sulphide. 
Again, the high modal proportion of clinopyroxene may be reflected in the 
chondrite normalised La/Ce and La/Nd values being <1.
In a traverse from the homogeneous zone, through the transition zone to the 
central zone, there is a marked, but irregular increase in the <20 content from 
<1wt% up to 3wt% and also an increase in P2O5, AI203 and oxidation state.
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These changes are reflected in the modal increase of phlogo-pite, apatite and the 
ferri-Tschermaks component of the pyroxenes. Trace element contents also 
vary along this traverse. Zr increases from 150ppm to 450ppm and correlates (r) 
with an increase in Sr (r=0.7, 350-950ppm), La (r=0.9, 10-65ppm), Ce (r=0.96, 
35-140ppm), Nd (r=0.8, 10-150ppm), Nb (r=0.95, 28-85ppm), and Y (r=0.96, 
16-27ppm), also reflecting the modal increase in phlogopite and apatite.
5.4 CHEMICAL VARIATION IN NUGARMIUT 3.
Fig. 5.1 illustrates that the homogeneous olivine-pyroxenite has a major 
element chemistry comparable to that of Nugarmiut 1 and the outer zone of 
Nugarmiut 2. Only P2®5 values fall outside these compositional fields, averaging 
at a higher value of ~0.67wt%. Compatible trace elements are also similar, with 
Ni averaging at 439ppm, Cr at 446ppm and V at 420ppm. Of the incompatible 
elements, Nb, La, Ce, Sr, Nd, Zr, and Y all show an enrichment relative to the 
Nugarmiut 1 and Nugarmiut 2 samples. Furthermore, the chondrite-normalised 
La/Ce and La/Nd ratios are both >1. The increase in these elements may be 
related to the modal increase in apatite and mica.
Enclosed by olivine-pyroxenite are the monticellite-bearing leucocratic layers 
(85930, 278097). Their major element chemistry is distinct from the surrounding 
olivine-pyroxenite, in that they have a higher Fe-oxidation ratio (0.8-0.93), higher 
volatile contents (as revealed by low oxide summations), higher CaO 
(~18-19wt%) and MgO contents (18wt%), and marginally higher A^Os (5.3wt%) 
contents. Other elements show a concomitant decrease. These major element 
variations correlate with an increase in the modal proportion of vesuvianite, 
monticellite, haematite and andradite. It is apparent from Fig. 5.2 that the 
addition of CaO, with lesser amounts of MgO, to the olivine-pyroxenites may 
give rise to the element composition of the leucocratic layers. Variation in the 
incompatible elements may conveniently be compared in chondrite-normalised 
variation diagrams (Fig. 5.3). The Zr, Ti, and Y variation and the Nb 
concentration is similar to the surrounding pyroxenite, while Rb, Ba and K, (which 
may be readily transported and decoupled by magmatic and hydrothermal fluids), 
show an incoherent scatter. The negative Sr anomaly, characteristic of the of 
the olivine-pyroxenites, has, in these leucocratic layers, been removed or 
become positive. This may be accounted for by the slight increase in modal 
calcite which is known to contain >1wt% SrO (Section 4.8.8). The lack of 
correlation between P and Sr precludes the latter being predominantly present in 
apatite.
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The composition of the ferrian-pyroxenite (278089) from this outcrop is 
distinct from that of the olivine-pyroxenite. Corresponding to its low modal 
proportion of apatite and phlogopite, the ferrian-pyroxenite is depleted in K, Rb, 
Ba, REE and P, with respect to the olivine-pyroxenites. The high modal 
proportion of ferri-diopside produces a high CaO (19.5wt%) and Fe2C>3 (14.9wt%) 
content, comparable to the concentrations in the leucocratic layers. Despite the 
preferential enrichment of Ce in the abundant perovskite (Section 4.7), this is not 
reflected in the whole-rock composition. Again, the variation in Zr, Y and Ti, and 
the concentration of Nb and La, mirrors the variation and concentrations 
observed in the olivine-pyroxenites (Fig. 5.3). Cu concentrations (77-275ppm), 
which may reflect the. sulphur fugacity during the cooling history of the 
ultramafite, show no systematic variation throughout the outcrop.
5.5 CHEMICAL VARIATION WITHIN NUGARMIUT 4.
The composition of the homogeneous olivine-pyroxenite (Section 2.5), is 
quite distinct from the previously described outcrops being richer in MgO 
(~21%), AI203 (~6wt%), Si02 (~37wt%), Na2O (~0.6wt%) and poorer in TiC>2 
(~3.5wt%) and total Fe (~17.5wt% as Fe203) (Fig. 5.1). The high MgO contents 
correlate positively with Ni contents (>1100ppm) and to a lesser extent with Cr 
(~1070ppm). Average contents of Sc (21ppm) and V (324ppm) also fall above 
the values found in the Nugarmiut 1, 2 and 3 exposures.
A single vein (278136), ~6cm wide was analysed. SiO2, A^Os and MgO are 
often lower than the concentrations found in the olivine-pyroxenites (e.g. 
278150), while CaO is considerably higher (24wt%). This correlates with the 
mineralogy, which consists of melanite, olivine, perovskite and minor amounts of 
pyroxene, calcite, chlorite and opaque minerals. The low modal proportion of 
calcite is reflected in the low volatile and Sr contents. However, extract 
calculations (Wright and Docherty, 1970) reveal that the major element changes 
may be accounted for by the addition of CaO to the olivine-pyroxenite (278150) 
after normalising all Fe to F62O3 (sum of squares of residuals ~-2.3). The 
incompatible elements, Nb, La, Ce, Nd and Y and to a lesser extent Zr and Ti 
appear in a similar concentration to the host rock, (Fig. 5.4). The similar 
concentration of these elements, which are generally considered as immobile 
(e.g. Pearce and Norry, 1979), suggests that the vein resulted from the passage 
of Ca-rich, oxidising fluid(?) (as revealed by the presence of melanite), which 
leached the mobile elements (P, Rb, K, Na and Sr, Fig. 5.4), leaving the immobile 
elements as indicators of the replacement nature of the veins.
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The variation in incompatible elements in the olivine-pyroxenites is 
compared to that in the ferrian-pyroxenite (181920) in Fig. 5.4. As in Nugarmiut 
3, and consistent with the low modal proportion of phlogopite and abundance of 
pyroxene, the ferrian-pyroxenites are distinctly poor in K, Rb and Ba, but richer 
in CaO (15.7wt%) and Fe203 (15wt%) when compared to the olivine-pyroxenites 
(cf. Fig. 5.1).
Cu concentrations vary from 18 to 134ppm within the olivine-pyroxenites and 
is greater than the range found between the ferrian-pyroxenites and the 
olivine-pyroxenites.
5.6 CHEMICAL VARIATION IN TUGTUTOQ 1.
The Tugtutoq 1 samples may be distinguished from the Nugarmiut samples 
in having higher A^Os contents (~7.7wt%). Apart from the REEs, the trace 
elements fall within the range of the Nugarmiut samples (Appendix C). The REE 
(La, Ce, Nd), however, attain the highest values found in any of the ultramafites 
at 181, 172 and 74ppm respectively.
5.7 CHEMICAL VARIATION IN TUGTUTOQ 2.
These samples form a chemically coherent group which show only minor 
variations. They are distinguished from the Nugarmiut samples in having high 
AI203 (~6.5wt%), high Na£0 (~1wt%) and a nearly equal amount of <2O 
(~1wt%). Other major element concentrations are comparable to those found 
on the Nugarmiut peninsula. High Cu-concentrations (100-240ppm) are also a 
distinctive feature of this exposure and correlate to a relatively high modal 
proportion of Cu-sulphides (Section 3.7). Incompatible element contents are 
distinctive in having a positive Sr anomaly (Fig. 5.5). Their low P contents 
suggest that the Sr is not contained in the apatite. This is confirmed by 
microprobe analyses, which show that the modally abundant amphibole contains 
substantial amounts of Sr (>0.5wt%). REE contents in the Tugtutoq 2 samples 
are low (La~35, Ce~82, Nd~40), but they still retain the Nb peak, low Ba/Rb 
ratios and the low Y abundances, typical of the average ultramafites (Fig. 5.5).
5.8 REE GEOCHEMISTRY.
Five samples from three of the ultramafite outcrops have been analysed for 
their REE contents. A single sample from the Asalukasit ultramafite (Section 2.8)
167
has also been analysed. The results are tabulated in Appendix C, Table C6 and 
the chondrite-normalised patterns are illustrated in Fig. 5.6.
For the Tugtutoq-Nugarmiut samples, the total REE contents range from 
190ppm for Tugtutoq 2, up to 352ppm for the central zone of Nugarmiut 2. 
Heavy rare earth elements (HREE) are enriched to between 4 and 5 times 
chondrite abundance, while light rare earth elements (LREE) are enriched 
between 100-200 times chondrite abundances. These proportions give a La/Yb 
ratio varying from 31 to 60. This variation aside, all the REE patterns are 
essentially the same, showing a slight upward convexity and appear to be 
independent of the mineral assemblages present (e.g. perovskite-rich or free, 
mica-rich or poor, apatite-rich or free). Despite the strong Sr enrichment 
observed in the Tugtutoq 2 samples (Section 5.7), Eu shows no analogous
o +
enrichment. This may be attributed to the dominance of Eu over Eu as only
2+ Eu has similar distribution coefficients to those of Sr (Nagasawa, 1970).
* 
However, the persistent but slight positive Eu anomaly (Eu/Eu =1.04),
2+ 
unfortunately not readily visible in Fig. 5.6, may indicate that Eu is also
present. Such slight anomalies are a common feature of alkali basalts (Kay and 
Gast, 1973), and nephelinites (Sun and Hanson, 1975; Downes, 1984).
5.9 CHEMICAL VARIATION ACROSS A CONTACT-ZONE.
Seven samples taken from a traverse from the ultramafite to the gabbro, at 
the northern point of the Nugarmiut 2 exposure, have been analysed for their 
major and trace element contents. The results are illustrated in Fig. 5.7 and 
compare well with published analyses across a contact-zone at Nugarmiut 1 
(Upton and Thomas, 1973). If the contact-zone was the product of simple 
mixing, then the analyses would fall on a straight line. This clearly is not the 
case, since the zone shows a noticeable enrichment in Fe and V and a depletion 
in Ca, Si, Sr (not illustrated) and Ba relative to both the ultramafite and gabbro. 
Mg retains the high concentrations found in the ultramafite as do Ti, Ni and Cr 
while REE (not illustrated), Zr and Nb are depleted. The composition of the 
ultramafite close to the contact zone is similar to the Nugarmiut 1 samples, 
being depleted in REE and Nb, and having Zr and Y concentrations and ratios 
that are typical of the ultramafites (i.e. Zr/Y~11). The ratio drops to -4-5 in 
the contact-zone and is comparable to the YGDC chill compositions (Upton and 
Thomas, 1980). Other element concentrations and ratios do not conclusively 
indicate whether the Fe and V-rich material, that is clearly concentrated in the 
contact-zone, came from the ultramafite, the gabbro, or both.
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5.10 COMPARISON OF THE TNU WITH OTHER ULTRAMAFITES IN THE REGION.
Despite minor variations in chemical composition, the TNU form a unified 
compositional group to which the other Si-deficient ultramafic compositions in 
the region may be compared. The presence and location of these other 
compositions have been reported in Chapter 1 and brief petrographic 
descriptions have been presented in Section 3.10.
5.10.1. ULTRAMAFIC DYKES IN THE TUGTUTOQ-ILIMAUSSAQ SWARM.
Although the vast majority of the dykes which form an E.NE.-W.SW swarm 
extending along the length of Tugtutoq, to the north of the Igaliko complex and 
beyond under the mainland ice (Fig. 1.1), have Si02 contents >40wt%, a 
volumetrically insignificant proportion (<1%) have SiO2 contents <40wt% (Fig. 
1.2). The carbonatites (SiO2 <15wt%) of this swarm are chemically distinct from 
the carbonate-poor ultramafites, being strongly enriched in REE and Ba, and at 
present there is little evidence of compositional continuity between them, 
despite their spatial and temporal association. In major element chemistry, the 
ultramafites of the swarm may be distinguished from the TNU by their lower 
MgO (Fig. 5.8) and higher volatile contents (>7wt%). They may, however, be 
more readily distinguished by their chondrite-normalised incompatible element 
variation. They are often enriched in Rb, Ba, K, REE, Sr, Nb, P, Zr, and Y but 
depleted in Ti compared to the Tugtutoq-Nugarmiut samples (Fig. 5.9). This 
enrichment is less extreme in the carbonate-poor samples, resulting in 
normalised incompatible element patterns approaching those of the TNU. These 
observations hold true for all the ultramafic dykes of the swarm, although the 
similarity between the ultramafites studied and the Tugtutoq and Igdlutalik dykes 
is perhaps, more obvious (Fig.5.9). Furthermore, the La/Yb ratio of these latter 
dykes falls within the range observed in the TNU (i.e. 45 to 54; Martin, 1985).
5.10.2 ASALUKASIT ULTRAMAFITE.
In major and compatible trace element contents (Fig. 5.8 and Appendix C), 
this ultramafite is indistinguishable from the Tugtutoq-Nugarmiut samples. 
Chondrite-normalised element patterns (Fig. 5.9) and REE patterns (Fig. 5.6) 
confirm the similarity.
5.10.3 ULTRAMAFIC LAVAS OF THE ERIKSFJORD FORMATION.
While the majority of the lavas of the Eriksfjord Formation are basaltic, 
ultramafic members have been recorded (Stewart, 1970; Larsen, 1977; Upton
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pers. comm.). In the Qagssiarssuk-Narssarssuaq district (Fig.1.1) an outburst of 
distinctive alkaline-ultrabasic carbonatitic volcanism occurred early in the Gardar 
magmatic episode (Stewart, 1970).
In major element chemistry, the carbonate-poor (<10wt%) samples from 
Narssarssuaq are similar to the TNU in their concentration of Si02, AI203, CaO 
and Fe2O3t, but they may often be distinguished by their higher alkali, volatile 
and lower MgO contents (Appendix C, Table C7). Comparison of the 
incompatible elements confirms the distinction, with the 
Qagssiarssuk-Narssarssuaq samples invariably being richer in Nb, REE, Y and Zr 
and often in K, Sr, P, Ba, and Rb. Extreme enrichment in the REE and in 
LREE-enrichment is present in the carbonate-rich dykes and tuffs with La 
>1000ppm and La/Y ratios >3. Ba/Rb ratios are also distinctly high (>50) 
(Appendix C, Stewart, 1970).
The products of other ultramafic magmas in the Eriksfjord Formation are 
scarce, being confined to thin (<3m) flows at Nunasarnaq, Nunasarnaussaq, 
Kvanefjeld, and as fragments in the conglomerates at Sitdlisit (Fig. 1.1). The 
primitive nature of the lavas is readily illustrated by their high content of MgO 
and compatible elements (e.g. Ni 500-900, Cr 460-730, V 300-540ppm) and yet 
they are also enriched in incompatible elements Nb, REE and Ti (Fig. 5.9). The 
similarity to the TNU is further supported by the major element chemistry (Fig. 
5.8), in particular the low A^Oa/CaO ratio (-0.5) and high I<20/Na20 ratio (>1).
5.10.4 A XENOLITH-BEARING INTRUSION ON IGDLUTALIK (KARRA).
A reconnaissance investigation of this intrusion, which is believed to be of 
Gardar age and is certainly older than the Tugtutoq-llimaussaq dyke swarm, has 
revealed that in major and trace element chemistry it possesses the 
characteristics of the TNU (Fig. 5.9, 5.8). Its heterogeneous character, however, 
is revealed in the rather wide range in compositions and precludes any detailed 
comparison. Suffice to say that this xenolith-bearing intrusion is similar in its 
low Si02, AI203, Na2O, K^O, and high MgO, Ni, Cr, and V contents, and in its 
enrichment in Rb, Ba, Nb, Zr and occasionally in REE, to the ultramafites (Fig.5.9).
5.10.5 LAMPROPHYRES FROM THE KUNGNAT-IVIGTUT-GRONNEDAL DISTRICT.
In the Kungnat-lvigtut-Gronnedal district (Fig.1.1), a minor swarm of small 
(<4m) intermittent lamprophyric dykes are subordinate to a persistent swarm of 
large (<200m) olivine-dolerite dykes (the BDn_,BDi,BD2).
Analysis of the Kungnat ultramafic lamprophyres (Si02<40wt%) reveals that 
they may be readily distinguished from the TNU, with the former being rich in
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' ancl total alkalis and poor in MgO and incompatible trace elements (Ni 
and Cr usually <200ppm). However, like the Tugtutoq-Nugarmiut samples they 
are distinct from the dominant basic magmas of the region, being enriched in 
Rb, Nb, Zr, Ti and REE and having low K/Rb ratios (-280), low Zr/Nb ratios (3-4) 
and La/Y ratios of -1.6.
5.11 GEOCHEMICAL CHARACTERISTICS OF THE ULTRAMAFITES.
The TNU, aside from their extraordinarily high oxidation state, have been 
found in many respects to be closely similar to the ultramafic dykes, plugs and 
lavas in the area. It is, therefore, an inescapable conclusion that despite the 
complex cooling histories of the TNU, their bulk compositions may to some 
extent represent those of ultramafic magmas, with the reservation that their 
present volatile contents may be far removed from that of the initial magma.
5.11.1 MgO AND MG-NUMBERS.
The Mg-number of a liquid in equilibrium with a Iherzolite source may be 
calculated using a distributions-coefficient (Kp) for Fe and Mg between olivine 
and the liquid. Depending on the Kg used and the source composition chosen, 
the primary melts would have Mg-numbers ranging between; 75-68 (Frey et al., 
1978), 68-70 (Sun and Hanson, 1975), 70-83 (Basaltic Volcanism Study Project, 
1981, 409-432) and 66-75 (Wass, 1980). Comparison with the values for the 
Gardar ultramafites is hindered by the uncertainty in the Fe-oxidation ratio. 
However, assuming that A) the Fe-oxidation ratio is 0.3 (as suggested by Rock, 
in press) and B) the magmatic oxidation ratio is that preserved in the rocks, a 
range of Mg-numbers may be calculated. These have been presented in Table 
5.2 for some primitive samples (Nugarmiut 4 and Tugtutoq 1 and 2) together 
with their associated olivine compositions. It is clear from inspection of Table 
5.2 that many of the Tugtutoq-Nugarmiut samples have Mg-numbers consistent 
with the estimated values for primary melts. It is also apparent that the olivines 
present are not always the liquidus compositions, the olivines being poorer in 
forsterite than those required by the Mg-number of the rocks (Roeder and 
Emslie, 1970). This may be attributed to either olivine accumulation, (which 
would increase the Mg-number of the rock), or to equilibrium crystallisation.
Texturally, the ultramafites are fine-grained, suggesting rapid cooling. 
However, considering the probable low viscosity of the ultramafite magmas 
(-1.5 poise at 1200°C, calculated by the method outlined by Shaw, (1972)) and 
the presence of olivine phenocrysts (and, or, xenocrysts), the possibility of
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cumulus enrichment cannot be ignored, despite the complementary olivine 
depleted fraction being absent.
5.11.2 Ni, Cr, V, Sc.
Fractionation of olivine or an Fe-Ti oxide, both of which appear from textural 
evidence to be early crystallising phases, would quickly deplete the melt in its 
compatible elements (e.g. Ni, Cr, V). Ni contents >320ppm (Frey et al., 1978), or 
>300ppm (Wass, 1980), or between 300-400ppm (Sun and Hanson, 1975), or 
200-450ppm (Basaltic Volcanism Study Project, 1981, 409-432) have been 
suggested as diagnostic of primary melts. All of the TNU samples listed in 
Table 5.2 have Ni contents >400ppm, with some having -900ppm. The Ni 
contents of the ultramafites are clearly unusually high. Ni vs. MgO diagrams 
have been used to discriminate between olivine-enriched magmas and primary 
melts (e.g. Hart and Davis, 1978; Basaltic Volcanism Study Project, 1981, 
409-432; Clague and Frey, 1982). The Tugtutoq-Nugarmiut samples are 
displayed on such a diagram (Fig. 5.10, 5.11). Hart and Davis (1978), suggested 
that compositions that plot above the partial melting lines (as do the 
ultramafites under consideration) are cumulates. The results, however, are not 
conclusive, due to the poorly known olivine-liquid Ni-distribution coefficient 
(Clarke and O'Hara, 1979), the effects of slight cumulate enrichment in 
Ni-sulphides and the unknown composition of the source (Basaltic Volcanism 
Study Project, 1981, 409-432).
Cr contents between 460-600ppm have been reported for primary or near 
primary basalts by Clague and Frey, (1982) and Sc contents between 15-28ppm 
by Frey at al., (1978). The Gardar samples range from 200 to 1200ppm for Cr 
(Fig. 5.11) and -19ppm for Sc.
V contents have been reported to range between 167-224ppm for primitive 
olivine-nephelinites and alkali olivine basalts (Wass, 1980), from 223-341 for 
olivine-melilitites (Alibert et al., 1983) and ~180ppm for UML (Rock, in press). 
Many of the TNU are distinctly rich in V, with the majority of samples having 
between 300-500ppm, averaging at 353ppm.
V contents correlate positively with Ti, although the correlation is poor 
(r=0.3). Ti/V ratios have been shown to form closely defined and distinct fields 
for individual suites of primary basaltic rocks (Wass, 1980). Primitive continental 
alkali basalts and supposed mantle-derived amphiboles have Ti/V ratios between 
60 and 90 (Wass, 1980), while Shervais, (1982) expanded the range from 50 to 
100 for alkaline basic rocks. Many of the olivine-pyroxenites studied fall within 
these limits (as do many of the ultramafic rocks in the province), but as a whole
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they have distinctly high Ti and^V concentrations (Fig. 5.11).
It is therefore concluded that the TNU (and many of the ultramafites in the 
district) clearly meet all the criteria listed above for primary melts and as such 
they should provide information regarding the composition of their mantle 
source rocks.
5.11.3 P2O 5/ Ce.
Most primitive alkali basalts, basanites, nephelinites (Sun and Hanson, 1975) 
and some lamprophyres (Nixon et al., 1980) have P2O5/Ce ~75 ± 15, while 
potassic basalts have a distinct but still linear trend (Beswick and Carmichael, 
1978). This linear relationship, a subject of much debate, has been attributed to 
a phosphate mineral being residual in the source (Beswick and Carmichael, 
1978), having been wholly consumed during melting (Sun and Hanson, 1975), and 
to the similar P and Ce bulk distribution coefficients, for the residual silicates 
(Frey et al., 1978). The TNU (and other ultramafites in the district) deviate from 
the usual linear P2Os-Ce relationship, showing a high degree of scatter (Fig. 
5.11). If, in terms of Ce and P, the whole-rock compositions represent those of 
primitive or primary ultramafic liquids, then the scatter may be due to residual 
apatite in the source which may govern the Ce distribution. This however, 
would require apatite to be a near-liquidus phase in the ultranrrafites at higher 
pressures, which itself would require high P2Os contents in the liquid (Green 
and Watson 1982). Alternatively, apatite may not be controlling the Ce 
distribution in the source rock, either because it has been totally consumed, or 
its effect is overshadowed by that of other minerals.
5.11.4 K, Rb, Ba, Sr.
With low bulk distribution coefficients (Kg) (e.g. KoBa =0-°1)' K' Rb' Ba and Sr 
are strongly incompatible with respect to the mantle minerals (olivine, 
pyroxenes, garnet and spinel) and should show strong correlations between 
themselves and other incompatible elements (e.g. Th). While at high degrees of 
partial melting inter-element correlations are often good (Sun and Hanson, 
1975), and indicative of the source composition, at low degrees of partial 
melting correlations are invariably poor, reflecting the effects of residual phases 
e.g. amphibole and apatite (Sun and Hanson, 1975; Clague and Frey, 1982). 
However, these large-ion, low charge elements are also readily mobilised by late 
stage processes, such as interaction with a volatile phase (Clague and Frey, 
1982). Such processes may be of prime importance during the complex cooling 
history of the TNU. The presence of barite-celestine minerals (BaSO4 and
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SrSO4), high Ba-micas and Sr-rich calcite in the veins and of amphibole, mica 
and apatite in the pegmatitic segregations, testifies to the late-stage mobility of 
these elements. Under such conditions, inter-element correlations may not 
reflect those of the primary magma.
Only «20 and Rb show a strong correlation (r=0.92), with an average K/Rb 
ratio of -120. Ba:Rb, Ba:Sr and Sr:Rb correlations are all poor (r=0.3, r=0.1, r=0.0, 
respectively). The K/Rb ratio is extremely low. Moreover, a low ratio is 
common to all the ultramafic rocks in the area. The Kungnat lamprophyres, for 
example, have K/Rb ratios -270, while the ultramafic dykes of the 
Tugtutoq-llimaussaq swarm and the Asalukasit intrusion (K/Rb -140) all have 
ratios similar to the TNU (Fig. 5.11). The low ratio in the Nugarmiut samples 
cannot, therefore, be attributed to post-crystallisation processes, which have 
clearly influenced the mineral textures in the Nugarmiut samples. The ratios are 
distinct from chondrites (273), bulk earth estimates (290), primitive basalts 
(-330), K-rich lavas (289-323) and kimberlites in general (-230), although low 
ratios (-120) have been reported from some S. African kimberlite (Fesq et al., 
1975). Low ratios have also been reported for minettes (Roden, 1981), for 
nephelinites from Cape Verde (Klerkx et al., 1974) and the Roman province (Cox 
et al., 1976). Roden, (1981) suggested that these elements were not 
incompatible due to residual phlogopite, while Sun and Hanson, (1975) suggest 
that a low K/Rb ratio would result from residual amphibole. The negative K 
anomaly observed in all the ultramafites is consistent with a minor refractory 
K-phase during small degrees of partial melting (Wood, 1979). Due to the 
difference in the distribution coefficients for Sr, Ba, and Rb it should be possible 
to distinguish between residual amphibole and mica, but in practice the poor 
inter-element correlations and poorly known distribution coefficients precludes 
this from being achieved. It is concluded that the low K/Rb ratio of the TNU is a 
characteristic of the ultramafites and is governed by the residual mineralogy at 
depth.
5.11.5 Zr, Nb, Y, Ti.
In contrast to K, Rb, Ba and Sr, these incompatible elements with their high
field-strengths are not readily transported by aqueous fluids, although they may
- ")— be mobilised by forming complexes with F and C03 (Hynes, 1980; Clague and
Frey, 1982). In the TNU strong correlations exist between Zr, Nb and Y and 
between the REEs (La, Ce and Nd), but Ti, which is enriched in the ultramafites, 
shows a poor correlation with them all (r=<0.3). The relatively poor correlation 
(r=0.47) between Zr and Y is attributed to the Nugarmiut 4 and Tugtutoq 1
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samples forming a distinct Y-rich subgroup (Fig. 5.11). For the main group, 
however, Zr/Y ratios range from 7 to 17, (encompassing the values observed in 
many of the other ultramafites of the area) and form a distinct linear trend. The 
average Zr/Y ratio (-12) is high in comparison to those of the basic magmas of 
the region (e.g. OGDC and YGDC Zr/Y~5; Eriksfjord Formation basaltic lavas 
Zr/Y=~6 to 7), to primitive basic magmas further afield which often lie between 
the 5 and 10 (e.g. Honolulu volcanics, Zr/Y=4.8 to 6.7) and to average UML 
(Zr/Y=5.3, Rock in press.). They are, however, similar to the ratios found in the 
S.E. Australian volcanic province which may range from 8.7 to 11.7, (Kesso,, 
1973; Frey et al., 1978; Wass, 1980). High Zr/Y ratios may partially be attributed 
to the the effects of garnet, either as a residual phase in the partial melting 
process or as a high pressure fractionating phase. The effect of garnet is also 
revealed in the relatively high La/Y ratios (typically ~1.6) and low Sc contents 
(typically ~19ppm). Both ratios La/Y and Zr/Y discriminate between the UML in 
the Kungnat district (lower ratios) and the TNU (higher ratios).
A strong positive correlation exists between Zr and Nb (r=0.72), with ratios 
ranging from 3 to 5 and averaging 3.9. These values compare closely with 
those from the other Gardar ultramafites and primitive basaltic magmas (e.g. 
Honolulu volcanics, Zr/Nb=3.5 to 4.5, Clague and Frey, 1982; S.E. Australian 
province, Zr/Nb 2-4, Frey at al., 1978) but are distinctly lower than those of the 
OGDC (Zr/Nb=5.1), and the YGDC (Zr/Nb=5.7). As Zr/Nb ratios are relatively 
insensitive to partial melting and fractional crystallisation (Pearce and Norry, 
1979), the differences in the ratios may suggest a non-uniform source 
composition for the Gardar magmas. Alternatively, under certain conditions and 
in the presence of minor residual phases, Zr may become compatible relative to 
Nb, and hence decrease the Zr/Nb ratio. Similar conclusions were drawn for the 
Honolulu volcanics (Clague and Frey, 1982).
5.11.6 Cu, Zn.
Cu and to a lesser extent Zn, are not readily accepted within the silicate 
crystal lattice, and in the presence of S will readily form sulphides. The 
concentration of Zn in the ultramafites is relatively constant (~115ppm) and 
correlates positively with Ti (r=0.49), implying that it is present in the Fe-Ti 
oxides. The Zn concentration is also quite typical of basaltic magmas (e.g. 
YGDC and OGDC 70-102ppm, Upton et al., i.n press); 102ppm for nephelinites, 
108ppm for alkali olivine basalts, (Wedepohl and Muramatsu, 1979); UML 107± 
46, (Rock, in press.)). In contrast, Cu is distinctly enriched in the ultramafites 
compared to basaltic compositions (e.g. alkali basalts 40-50ppm, (Kesson 1973,
175
Sun and Hanson 1975); nephelinites 50-80ppm (Clague and Frey, 1982); -40ppm 
YGDC and OGDC, (Upton et al., in press.) This apparent uniform concentration 
of Cu within basalts of a specific province, has been attributed to the effect of a 
residual sulphide phase in the source (e.g. Sun and Hanson, 1975; Frey et al., 
1978). In comparison to UML (85± 45ppm, Rock, in press) and to kimberlites 
(100-300ppm, Dawson 1980) the TNU are not especially enriched. However, it is 
noted that the highly localised concentration of sulphides (and hence Cu) and 
the sampling strategy, may result in a totally non-representative Cu abundance.
5.11.7 FeaOa, FeO, V, REE.
The Fe-oxidation ratio (Fe# = Fe VF6 + Fe ) in tne TNU is h '9 n ' ranging 
from —0.4 to — 1 with an average of ~0.6, and is particularly distinctive, as the 
spatially and temporally associated YGDC and OGDC are believed to have 
crystallised under reducing conditions (Upton and Thomas, 1980; Upton et al., in 
press). It has previously been noted (Section 2.9, 3.11) that the high 
Fe-oxidation state occurs in specific locations throughout the ultramafites, and 
can locally be correlated with increasing REE, Sr and Zr, but not with total Fe, 
which remains nearly constant. Considering the TNU as a whole, however, no 
correlations (r<0.6) are revealed.
Ultramafic lamprophyres in general have high Fe-oxidation ratios ( — 0.5) and 
although this may partially be due to hydrothermal alteration, this is certainly 
not the case with the TNU; the majority of minerals are in in pristine condition. 
Only a few highly oxidised magmas have previously been reported. Sigurdsson 
and Brown, (1970) presented analyses from Kolbeinsey island with an oxidation 
ratio of 0.95, while Johnston and Stout, (1984b) reported an oxidation ratio of 
— 0.84 for a Hawaiian alkali basalt. Sigurdsson and Brown, (1970) proposed that 
the high oxidation was achieved through interaction with sea-water, although 
the low Sr87/Sr86 ratio (-0.703, O'Nions and Pankhurst, (1974)) appears to 
preclude this mechanism. Johnston and Stout, (1984b) initially suggested that 
the Hawaiian samples attained their oxidation ratios by outward H2 diffusion or 
by precipitation of a sulphide, but on the basis of oxygen isotope work it was 
suggested that the oxidation state was acquired through "atmospheric 
contamination" (Johnston et al., 1985).
It has been demonstrated (Section 5.11.1, 5.11.2) that the TNU may represent 
primitive liquids. If this is true, then even the high oxidation state may partially 
be a feature of the source region. As elements with multiple oxidation states 
have different bulk distribution coefficients depending on oxygen fugacity, then 
the oxidation state may be revealed in the geochemistry of the magmas. A
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strong positive Eu anomaly, for instance, may reflect melting under reducing 
conditions (Sun and Hanson, 1975) as the bulk distribution coefficient for 
Eu (~Sr)>Eu^*. No significant Eu anomaly is present in the ultramafites. 
Other REE may also have multiple oxidation states. A negative Ce anomaly 
observed in the Alno syenites, for instance, was attributed to high oxygen 
fugacity in the source region giving rise to Ce (Moller et al., 1980). The near 
straight REE patterns of the ultramafites suggests that there was nothing 
atypical about their source.
Of the transition elements, V can exist in a variety of oxidation states. Close
o +
to the IW-buffer, V is the dominant species, while at higher oxygen fugacities
5+ V is dominant. At intermediate oxygen fugacities there will exist a mixture of
V , V and V . The partition coefficients for V at various oxidation states for 
pyroxenes, and magnetite have been reported by Irving, (1978) and Shervais, 
(1982) and vary considerably with oxygen fugacity. V changes from being 
incompatible (V ) to compatible (V ) at lower oxygen fugacities with respect 
to the minerals above. Similar changes are expected for garnet and olivines. 
The observation that the TNU have quite typical Ti/V ratios comparable to those 
for primitive basalts (Section 5.11.2) in which V is behaving as a compatible 
element, suggests that the source region was not distinctly oxidised.
5.11.8 THE RARE EARTH ELEMENTS.
Steep REE patterns may be attained by low degrees of partial melting of a 
garnet-lherzolite source (Kay and Cast, 1973, Cullers et al., 1982), although 
alternative models for their generation have been proposed (Campbell and 
Gorton, 1980). In the case of equilibrium melting, the REE pattern is governed 
predominantly by the ratio of garnet and clinopyroxene, with pyroxene having an 
affinity for LREE and garnet having a strong affinity for the HREE. Replacing 
garnet with spinel as the aluminous phase produces partial melts with low La/Yb 
ratios (Wass and Rodgers, 1980). Using the modal batch melting equation of 
Shaw, (1970) the REE contents of a liquid generated by varying degrees of partial 
melting of selected residual mineral assemblages may be calculated. The 
proposed residual mantle assemblage: olivine (55%) + orthopyroxene (30%) + 
clinopyroxene and garnet (15%), closely approximates to the average 
composition of all garnet-lherzolites (Wedepohl and Muramatsu, 1979). This 
simplistic model mantle assumes that any accessory phase e.g. dolomite, apatite 
etc. is not residual and hence cannot govern the bulk REE distribution 
coefficients, although such phases may impart their specific chemical 
characteristics onto the liquid. The REE partition coefficients used in the melting
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calculations are presented in Table 5.3.
It may be shown that low degrees of partial melting (<2%) are required to 
generate the observed La/Yb ratios, assuming a chondritic source composition. 
Furthermore, the garnet:clinopyroxene ratio (the exact ratio is partially governed 
by the choice of distribution coefficients) may impart a strong convexity or 
concavity to the REE pattern. A solution (chondrite source model) which can 
account for the observed La/Yb ratio and the overall enrichment is illustrated in 
Fig. 5.12. The solution is not unique, but the calculated REE pattern lies within 
the measured values. Refinement of the model to agree with a specific 
composition may readily be achieved by slight changes in the 
clinopyroxene:garnet ratios and, or, the degree of melting. It is not clear, 
however, if these small fractions of melt (~1%) may, or may not, be extracted 
from the mantle (Arndt, 1977 cf. Walker et al, 1978 and McKenzie, 1984). 
Furthermore, the assumption of a chondritic source composition may not be 
justified.
A LREE-enriched mantle has been invoked to explain the incompatible 
element ratios observed in primitive basalts (e.g. La/Ce ratios, Sun and Hanson, 
1975; La/Th and Ce/Th ratios, Clague and Frey, 1982), and is required to account 
for the generation of olivine-melilitites and olivine tholeiites within a single 
province (Frey et al., 1978). Moreover the presence of LREE-enriched Iherzolites 
(Frey and Green, 1974) and amphibole and apatite-bearing mantle xenoliths (e.g. 
Wass and Rodgers, 1980) testifies to the existence of a LREE-enriched source. A 
second model is therefore proposed (enriched source model) and is based on 
the LREE-enriched source composition calculated by Frey et al., (1978). This 
model has the advantage of achieving the La/Yb ratios observed in the 
ultramafites at relatively high degrees of partial melting. To reduce the number 
of variables the residual mineral assemblage has been retained. Doubtless a 
better solution may be obtained if this was varied, but the calculated REE 
distribution for a 5% partial melt falls within the range observed in the 
ultramafites (Fig. 5.12).
5.11.9 SUMMARY AND PROPOSED MODEL
The incompatible elements (Rb, Ba, Sr etc.) may be used to test the two 
proposed melting models and to qualitatively model the effects of residual 
phases, such as apatite, mica, and amphibole, on the liquid composition. Due to 
the poorly known distribution coefficients (e.g. KrjRb for mica), the constraints 
imposed by these elements are not as rigid as those imposed by the REE. The 
coefficients used in the calculations are presented in Table 5.3, together with
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their reference source. Where coefficients were not available (e.g. for some of 
the REE), values have been estimated by extrapolation or arbitrarily set (e.g. 
KDY=KDHo for a)l phases). The composition of the hypothetical source peridotite 
used in the previous melting models has been retained, with the addition of the 
accessory phase being compensated for by an equal reduction in the modal 
proportion of olivine; the phase which least affects the incompatible trace 
element concentrations. Like the REEs (Section 5.11.8), the other elements in the 
LREE-enriched source model have been enriched relative to their chondritic 
abundance. By prejudging the problems posed, not only by the TNU, but also by 
the Asalukasit ultramafite (Fig. 5.9), the elements Ba, Rb, Nb, Ti and Zr have been 
enriched to the maximum values proposed by Frey et al., (1978), with the Ba, Rb 
and Nb enrichment factors equalling those of the LREE. For similar reasons, the 
Sr enrichment factor is the lowest proposed by Frey et al., (1978).
The results of the melting models are presented in Fig. 5.13, together with 
the parameters used. Without any residual accessory phase, both the 2 x 
chondrite source and the enriched source model fail to account for the Ti, Zr Nb 
and Rb contents of the ultramafites. Both models also fail to account for the 
characteristic Rb/Ba ratio of the ultramafites, while the enriched model also 
barely accounts for the strong negative Sr anomaly present in many of the 
ultramafites. By the judicial choice of the KQ used, residual amphibole 
(arbitrarily set at 1%) may produce liquids with normalised Rb/Ba ratios — 1, 
although most other elements become depleted relative to the amphibole-free 
source. Residual phlogopite (again arbitrarily set at 1%) barely affects the REE 
distributions, but unlike amphibole may decrease the normalised Rb/Ba ratio. All 
models give lower bulk Kpj for Sr than for its neighbouring REEs, Ce and Nd. 
The lack of a strong negative Sr anomaly in the enriched model may be 
attributed to the high Sr enrichment factor used (i.e. 6 x chondrite abundance). 
Alternatively, if such an enrichment factor is correct, an apatite-enriched source 
may, on melting, produce a liquid with a positive P and a negative Sr anomaly, 
relative to the REEs (Exley and Smith, 1982). However, residual apatite is 
believed to play a minor and probably undetectable role in the REE geochemistry 
of partial melts (Watson, 1980).
Using the REEs to constrain the degree of partial melting, keeping the KQ 
constant and retaining, the modal batch melting model, then to attain the 
observed Nb, Ti and Rb enrichment and to a lesser extent the Ba abundances, 
would require the source to be. enriched by approximately 15 times for Rb, Ba 
and Nb, 8 times for Ti and 5 times for Zr, relative to the chondrite abundance.
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While the enrichment in these elements is frequently required in the 
generation of olivine-melilitites and olivine-nephelinites (e.g Frey et al., 1978; 
Clague and Frey, 1982), the magnitude necessary for the genesis of the Gardar 
ultramafites is unusually high. Sinks for some or all of these elements, which 
would be stable at mantle pressures, include amphibole, phlogopite (Ti-rich?), 
ilmenite, perovskite, sphene and rutile (Green, 1981; Clague and Frey, 1982). If 
these phases were residual, the melt composition would be governed by the Kp 
of the minerals and the extent of melting, but if these phases were not residual, 
then they would imprint their characteristic chemistry onto the partial melts.
Ilmenite is an attractive candidate as an accessory mantle phase. It would 
have little effect on the REE chemistry (e.g.KpLa is ~0.005 for ilmenite, Irving, 
1978; cf. perovskites and sphenes), and may rapidly increase the Ti-content of 
the melt. Furthermore, ilmenite may host Nb (Parker and Fleischer, 1968) and Zr 
(Erlank et al., 1978). It has also been synthesised in high pressure experiments 
on ultramafic compositions (Green and Sobolev, 1975), occurs as a near-liquidus 
phase under water-saturated conditions at high pressure in K-lavas (Edgar et al.,
1976) and occurs in mantle xenoliths (e.g. MARID suite, Dawson and Smith,
1977). Residual ilmenite at low degrees of partial melting may be expected to 
impose high Zr/IMb ratios on the liquid (Erlank et al., 1978; McCallum and 
Charette, 1978). This is not observed in the Greenland ultramafite, although the 
distribution coefficients are poorly known. Moreover, the similarity in Zr and Nb 
distribution coefficients for ilmenite and for phlogopite, amphibole and the 
garnet-lherzolite phase assemblage, may overshadow any effect imposed by 
ilmenite.
It is tentatively suggested, therefore, that the trace element geochemistry of 
the TNU is consistent with the magmas being in equilibrium with a residual 
mantle assemblage consisting of residual garnet, pyroxenes and olivine, and a 
phase capable of controlling the Rb/Ba ratio. The apparent affinity that mica has 
for Ba (Section 4.3), the potassic nature of the ultramafites and the occurrence 
of micaceous xenoliths of presumed mantle origin in the chemically similar 
diatreme at Igdlutalik (Upton, pers. comm.), favours phlogopite as the residual 
phase.
The source may have been enriched in LREE, Rb, Ba and Nb (9-15 x 
chondrite) and in HREE, Sr, Ti and Zr (2-5 x chondrite). This extreme 
LREE-enrichment is in accordance with the proposed existence of large ion 
lithophile, LREE, Ti and V enriched magmas giving rise to high-pressure 
amphibole-apatite cumulates (e.g. Wass and Rodgers, 1980) and to the MARID
180
suite of xenoliths (Dawson and Smith, 1977). There appears to be little evidence 
to confirm the possibility of residual apatite or ilmenite, although both may be 
required to account for the poor P205~Ce correlations and the poor correlation 
observed between Ti and any incompatible element (e.g. Zr). Ilmenite is 
proposed as an accessory phase, residual or otherwise, if only to account for 
the high Ti content of the ultramafites. Furthermore, the Cu enrichment (and 
perhaps S, whose solubility is strongly dependent on the Fe-content of the 
liquid (Haughton et al., 1974)) observed in the ultramafites (relative to basaltic 
compositions), may be suggesting that a sulphide phase was also present in the 
source. Lherzolites metasomatically enriched in sulphides have been reported by 
Bailey, (1982) with the development of pyrrhotite, pentlandite and chalcopyrite 
(Harte et al., 1975). Such a solution is clearly not unique, even within the 
constraints arbitrarily imposed. Similar conclusions have, however, been 
proposed for the minettes of Navajo (Roden, 1981), alkali basalts, nephelinites 
and olivine-melilitites (Sun and Hanson, 1975; Clague and Frey, 1982).
The conclusions above are also consistent with the major element chemistry 
of the ultramafites. While in detail the composition of a magma formed by 
partial melting of a mantle assemblage is not well known, especially in the 
presence of volatiles (Green, 1976; Wyllie, 1979), the low silica content, 
larnite-normative character (Section 5.12.1) and low Al203/CaO ratio of the 
ultramafites are all consistent with low degrees of partial melting at high 
pressures (>20kb) within the stability field of garnet (Wyllie, 1979).
5.12 GLOBAL COMPARISON OF THE TUGTUTOQ-NUGARMIUT ULTRAMAFITES.
The TNU, aside from their extraordinarily high Fe-oxidation ratio, may be 
compared to other Si-undersaturated ultramafic rocks. In the following section 
the Gardar analyses are compared to kimberlites, olivine melilitites, nephelinites, 
olivine-lamproites and to ultramafic lamprophyres.
5.12.1 NORMATIVE MINERALOGY.
The normative compositions of the averaged ultramafites (Fe /(total Fe) = 
0.3) are shown in Table 5.4. All samples are leucite and nepheline normative but 
they are dominated by high normative contents of olivine (35wt%), diopside 
(20wt%) and anorthite (10wt%). The high content of Fe and Ti is reflected in the 
high concentration of ilmenite and magnetite (20wt%). Over 90% of all samples 
are larnite-normative as are the majority of melilitites (Velde and Yoder, 1976) 
and kimberlites (Dawson, 1967). The larnite component is reflected modally by
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the presence of pyroxenes rich in Tschermaks molecule (Velde and Yoder, 1976).
5.12.2 REE-CHEMISTRY.
The REE-concentration and the LREE-enrichment are strongly dependent on 
the extent of melting, the chemical and modal composition of the source and 
the melting modes (Shaw, 1970). As such, the REE may readily distinguish rocks 
with a similar paragenesis. Chondrite-normalised REE patterns for the 
Nugarmiut and Asalukasit samples are compared in Fig. 5.14 to those from 
kimberlites, olivine-lamproites, potassic-mafic lavas, olivine-melilitites, 
olivine-nephelinites and UML It is illustrated that the LREE/HREE ratios and 
overall enrichment of the ultramafites are distinctly lower than those of 
kimberlites olivine-lamproites and potassic mafic lavas.
Closer analogies may be drawn with melilitites, olivine-nephelinites and with 
the less enriched members of the UML series. This is partially supported by the 
work of Alibert et al., (1983). They concluded that the chondrite-normalised 
Ce/Yb ratios between 40-200 are diagnostic for kimberlites, 20-30 for 
olivine-melilitites and 8-15 for alkali basalts. With the normalised ratios for the 
TNU lying between 17 (181921) and 30 (278097), they are comparable to those of 
olivine melilitites, and more enriched than alkali basalts
5.12.3 MAJOR ELEMENT CHEMISTRY.
All the available Tugtutoq-Nugarmiut analyses (62) have been compiled, 
averaged and presented as oxide histograms in Fig. 5.15. Despite Tugtutoq 2 
being over-represented for its present surface exposure, the histograms may be 
used to compare the major element contents of the ultramafites with 
olivine-nephelinites, melilitites, kimberlites and UMLs. The following features are 
apparent from Fig. 5.15:
cxoev.^€_ ^ 3V
1) The £a»ge of Si02 in the ultramafites (3&-40wt%) lies between those of
melilitites and nephelinites (which are slightly higher) and aillikites and 
kimberlites, (which are lower) and most closely resembles those of alnoites.
2) The tightly constrained A^OS contents of the TNU are lower than those of 
melilitites, nephelinites and alnoites but comparable to those of aillikites and 
kimberlites
3) It is more difficult to discriminate between the alnoites, aillikites melilitites 
and the TNU in terms of MgO, but the average contents in melilitites and 
nephelinites are generally less than those of the TNU (17wt%). The MgO 
contents of kimberlites are distinctly higher than all four.
4) Like MgO, CaO shows a wide variation (5-19wt%) in the samples studied.
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Nevertheless the CaO contents are lower than those of aillikites and alnoites but
higher than many kimberlites, although the latter also show a wide variation.
CaO contents in the melilitites and nephelinites are similar to those found in the
TNU.
5) The total alkali contents of the ultramafites studied are low, being closest to
those of aillikites and kimberlites.
In summary, the major oxides of the TNU may be distinguished from 
melilitites and nephelinites (based on Si02, AI203 and Na20+l<2O), from 
kimberlites (based on SiO2, MgO and CaO) and from alnoites (based on AI2O3, 
CaO and Na20+K20), while their closest analogues are the aillikites. In detail, 
however, the TNU fall outside the typical compositions for UML, being richer in 
Fe and Ti, but they still lie within the screening values presented by Rock, (in 
press) and hence may be classified as UML
5.13 CONCLUSIONS.
From the geochemical study above the following conclusions may be made.
1) The TNU form a coherent compositional group, drastically distinct from the 
voluminous magmas of the province, but similar in many respects to some 
minor dykes, plugs and lava flows in the region.
2) The TNU are unique in their high oxidation state. There is no evidence that 
this characteristic was inherited from the source region.
3) There is abundant evidence to support the supposition that the ultramafites 
are primitive and possibly primary melts.
4) Based on the REE-chemistry, it is proposed that the ultramafites may be 
derived by either 5% partial melt of a LREE-enriched source or 1% partial melt 
of a 2 x chondrite source, with the residual phases olivine (55%), orthopyroxene 
(30%), clinopyroxene (10%), and garnet (5%). The presence of garnet, rather 
than spinel, places the depth of magma generation >80km.
5) The extreme enrichment in Rb, Ba, Nb, Ti, Zr and the low K/Rb, Ba/Rb ratios 
suggests that the source was enriched in these elements and that residual 
phases controlled their distribution. It is suggested that the phase assemblage 
included phlogopite (and, or amphibole), ilmenite, apatite and a Cu-sulphide. If 
amphibole was present in the source region this would constrain the maximum 
depth to < 100km (~30kb) (Wyllie, 1979). However, the presence of xenoliths 
containing phlogopite, (as well as apatite, Fe-Ti oxides and the breakdown 
products of garnets (Upton pers comm.)) favours a phlogopite enriched source.
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Fig.5.1 Compositional range observed in the Nugarmiut 
olivine-pyroxenite and the Tugtutoq ultramafites. x = Nugarmiut 1, + = 
Nugarmiut 2, D = Nugarmiut 3, <>= Nugarmiut 4, O= Tugtutoq 1, A = 
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Fig.5.2 Major and trace element composition of the leucocratic layers 
(85930, 278097) compared to an average (AV) of the surrounding 
ol-pyroxenite. The diagram reveals that addition of CaO and a lesser 
amount of MgO to the ol-pyroxenite may account for the bulk 
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Fig.5.3 Normalised incompatible element diagrams revealing the 
differences between A) the leucocratic layers (278097, 85930) and an 
average ol-pyroxenite (dashed) and B) the ferrian-pyroxenite (278089) 
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Fig.5.4 Normalised incompatible element variation diagram revealing the 
difference between A) the ol-pyroxenite (dashed) and the vein (278136) 
and B) the ol-pyroxenite (dashed) and the ferrian-pyroxenite (181920). 
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Fig.5.5 Normalised incompatible element variation diagrams for the 
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Fig.5.6 Normalised REE concentrations for A) Q= leucocratic layer, 
Nugarmiut 3 (278097); + = ferrian-pyroxenite, Nugarmiut 2 (278071); 
B = central zone breccia, Nugarmiut 2 (278077). B) • = Asalukasit 
ultramafite (101214); 0 = micaceous olivine-pyroxenite, Nugarmiut 4
(181921); -I-* micaceous olivine-pyroxenite, Tugtutoq 2 (186228). 
Normalisation factors taken from Nakamura, (1974).
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Fig. 5.7 Chemical variation across a contact-zone. Fe203 = total Fe. 
Distance between samples is not linear. Analysis 30765 is taken from 









































































































































































































































































Fig.5.9 Comparative study of the incompatible elements in the TNU 
(average s dashed line, vertical bars=compositional range) to those 
from the ultramafic dykes of the Tugtutoq-llimaussaq swarm (A and B), 
the Asalukasit ultramafite and the xenolith-bearing diatreme on 
Igdlutalik (C), the Kungnat lamprophyre dykes (D), and the Eriksfjord 
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TABLE 5.2 MG-NUMBERS, Ml, CR AND V CONTENTS FOR SELECTED 
SAMPLES FROM TUGTUTOQ. NUGARMIUT AND ASALUKASIT.
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Fig.5.10 MgO vs. Ni for selected samples (Table 5.2) from Nugarmiut 3 
D; Nugarmiut 4 <£; Tugtutoq 1 Q; Tugtutoq 2 A; and the Asalukasit 
ultramafite (A). Diagonal lines represent the NiO - MgO concentration 
for 2% and 11% partial modal melting of a mantle source composed of 
70% olivine, 15% orthopyroxene, 10% clinopyroxene and 5% garnet 
(from Clague and Frey, (1982) after Hart and Davis, (1978)).
Fig.5.11 Variation diagrams for representative samples of ol-pyroxenites
from the TNU compared to other Gardar ultramafites.
X * Nugarmiut 1; •»• « Nugarmiut 2; D = Nugarmiut 3
0 * Nugarmiut 4; O = Tugtutoq 1; A= Tugtutoq 2
E » Eriksfjord Formation lavas
N * intrusions at Narssarssuaq
I - Igdlutalik diatreme
K * Kungnat lamprophyre dykes
A * Asalukasit ultramafite
D » Dykes of the Tugtutoq-llimaussaq swarm (Tugtutoq-llimaussaq
district)
M • Dykes of the Tugtutoq-llimaussaq swarm (Mellem Landt district)
6 * Narssaq ultramafite, location 6 from Upton and Thomas, (1973)
<OGDC = Older Giant Dyke Complex (Upton et al., in press)
* YGDC - Younger Giant Dyke Complex (Upton and Thomas, 1980)
Dashed line * compositional field for the Nugarmiut 4 samples
Dot-dash line • La/Y and Rb/K2O ratio for the Kungnat lamprophyre
dykes (Fig.5.11D and G) Shaded area (Fig.5.1 IF) represents field for
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RESIDUAL MINERAL ASSEMBLAGE - 55OL30OPX:10GT:5CPX:
ENRICHED SOURCE
CHONDRITE SOURCE
La Ce Pr Nd Pm Sm Eu Gd Tb Ho Er Tm Yb Lu
Fig.5.12 Composition of the 2 x chondrite (dashed) and enriched source 
(solid) compositions used in the modal melting calculations to generate 
the 1% partial melting curve and the 5% partial melting curve 
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Fig.5.13 1% and 5% partial melting models for a 2 x chondrite source 
composition (dashed) and an enriched source composition (solid).
Residual mineralogy includes OL, OPX, GT, CPX (A), OL, OPX, GT CPXPH<- AMP
AMP (B) and OL, OPX, GT, CPX, RHL (C). Shaded area is the
compositional range (Icr) for the TNU.
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Fig.5.15 Comparison of the TNU (average *• ) with alnoites (taken from 
Rock, in press), aillikites (taken from Rock, in press), melilitites (taken 
from Rock, in press), kimberlites (taken from Dawson, 1967) and 
nephelinites (compiled from Le Bas, (1977); Clague and Frey, (1982); 
Kesson, (1973); Wass, (1980); Kay and Cast, (1973); Frey et al., (1978); 
Bultitude and Green, (1971); Downes, (1984); Varne, (1968); Upton and 
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In the preceding chapters, it has been shown that the TNU are fresh, 
fine-grained rocks, possessing geochemical characteristics which suggest that 
they crystallised from primitive and possibly primary magmas, formed by small 
degrees of mantle anatexis. The ultramafites are, as such, ideal candidates for 
an experimental study, designed not only to constrain the genesis of these 
specific compositions, but also to contribute to the understanding of the genesis 
of other highly Si-undersaturated (larnite-normative) mafic magmas (e.g. 
olivine-melilitites), in which K20/Na2O>1 (e.g. katungites and kimberlites). While 
there are no specific experimental data on UML, a brief review of the 
experimental studies concerning Si-undersaturated magmas is presented in 
Section 6.2.
The experimental results are discussed in Section 6.4, where it will be 
demonstrated that the latm phase equilibria may be predicted by 
mineral-temperature and mineral-composition equations. The data base on 
which these purely empirical equations are derived contains little information 
concerning the effects of pressure on mineral-melt equilibria, and no data on 
such extreme compositions as these ultramafites. It was an aim of this study, 
during the initial reconnaissance work under "dry" conditions, to provide such 
information. However, in keeping with the findings of Jaques and Green, (1980) 
and others, the analysis of liquid compositions, a prerequisite to the formulation 
of mineral-liquid equations, proved impossible in all but the near-liquidus 
experiments.
A second aim of the study using the natural starting compositions and with 
the underlying assumption that these compositions represent mantle partial 
melts, was to produce a series of pseudo-binary phase diagrams involving: 
ultramafite-H20, ultramafite-C02, and ultramafite-C02/(C02 + H20). Such a 
systematic study had proved successful in constraining the genesis of 
olivine-melilitites (Brey and Green, 1977). However, it was felt unjustified, at this 
time, to pursue the experimental programme in any greater detail than the basic 
"dry" melting experiments presented here, considering the unique and barely 
described petrography, mineral chemistry and geochemistry of the rocks 
themselves. It is hoped that the results of the "dry" melting experiments,
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presented here, will provide a basic framework on which other studies may be 
based.
Experimental techniques are discussed in Appendix D and the phase 
compositions tabulated in Tables D2 to D3.
6.2 REVIEW OF PREVIOUS EXPERIMENTAL STUDIES.
6.2.1 DRY MELTING EXPERIMENTS ON OLIVINE-NEPHELINITE.
The results of high pressure (~<36kb) melting experiments using synthetic 
glass analogues of an olivine-nephelinite, a picritic-nephelinite and a basanite, 
have been reported by Bultitude and Green, (1971), using experimental 
techniques similar to those used in this study.
Low pressure phase relations were shown to be dominated by olivine 
crystallisation, until pressures of ~23kb, when clinopyroxene became a liquidus 
phase in the olivine-nephelinite. Olivine persisted as the liquidus phase in the 
picritic-nephelinite up to ~30kb, where it was joined by clinopyroxene and 
garnet, and persisted in excess of 30kb in the picritic basanite. While 
orthopyroxene was synthesised over only a small P-T interval in the 
picritic-nephelinite and never in the olivine-nephelinite, it was synthesised over 
a larger temperature interval ( — 10-20°C) in the picritic basanite. Based on the 
premise that a partial melt derived from a Iherzolite source would be saturated 
in olivine, orthopyroxene and clinopyroxene near its liquidus, Bultitude and 
Green, (1971) concluded that the picritic basanite may have been derived by the 
partial melting of a peridotite under dry conditions. The origin of more 
Si-undersaturated (<38wt% Si02) compositions was attributed to the effects of 
water on the melting relationships.
6.2.2 MELTING EXPERIMENTS ON OLIVINE-MELILITITE ±H 20 ±C02-
The systematic study of the high pressure liquidus phase relations of an 
olivine-melilitite have been reported by Brey and Green, (1975, 1977). The 
melilitite they studied is distinct from the Greenland ultramafites, with the latter 
being poorer in AI2O3 (by about 3wt%), total alkalis (by about 4wt%) and richer 
in TifJ2 (by about 1-3wt%).
Initially, Brey and Green's experiments were carried out under dry conditions, 
resulting in high liquidus temperatures (~1580°C, 35kb) and with olivine being 
the only liquidus or near-liquidus phase. With the addition of water to the 
system, olivine + clinopyroxene ± garnet became near-liquidus or liquidus 
phases, but the pyroxenes were found to be Ca-rich and orthopyroxene was
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never detected. With the addition of a second active volatile component, namely 
C02, olivine and clinopyroxene crystallisation was suppressed, garnet was 
enhanced and orthopyroxene appeared. They concluded that a four-phase field 
of olivine, orthopyroxene, clinopyroxene and garnet would exist at ~1160°C, 
30kb and Xn20 = 0-8-0.9. This, however, could not experimentally verified. Brey 
and Green, (1977) attributed this to a reaction relationship involving olivine in 
the source. Under such conditions, the experimental location of olivine + 
orthopyroxene + clinopyroxene + garnet coexisting in multidimensional space 
would be fortuitous. However, they suggest that such a field may exist at 
~27kb and ~1170°C in the presence of mixed volatiles (~7% h^O and ~7% 
C02 dissolved in the melt)
6.2.3 MELTING EXPERIMENTS ON POTASSIC MAFIC ROCKS.
The primitive, larnite-normative katungite lavas of S.W. Uganda are 
compositionally comparable to the TNU, in that both are Si and Al-poor and 
have «2O>Na20. The Greenland ultramafites are, however, slightly richer in Fe 
(4-6wt% F62O3), Ti (1-3wt% Ti02) and M 9 (3-7wt% MgO) and poorer in Ca 
(2-3wt% CaO) and Al (1-2wt% A^OS).
The potassic nature of the katungite lava (~3wt% <20) requires postulation 
of a near-liquidus K-phase (presumed to be phlogopite) at high pressures. 
However, previous experimental work on Ugandan potassic lavas (e.g. 
olivine-ugandite, Edgar et al., 1980) failed to crystallise phlogopite as a 
near-liquidus phase at an f02 close to the NNO buffer, and it was never 
synthesised in the presence of CO2 (at least >Xrj02 = 0-25). Similar results 
were found using the katungite, with phlogopite crystallising ~70°C below the 
liquidus in the presence of H2O alone, implying that if phlogopite was present in 
the source, an extensive degree of melting must have taken place. Furthermore, 
unlike the results from the olivine-ugandite (Edgar et al., 1980), orthopyroxene 
was never detected. Arima and Edgar, (1983) concluded that due to the absence 
of any orthopyroxene, clinopyroxene and olivine ± spinel ± garnet assemblage, 
(within the experimental conditions used), the supposition that the katungite 
magma had equilibrated with a garnet or spinel-lherzolite source was incorrect. 
Instead they proposed that either the katungite magma was not a primary melt, 
or that the magma was derived from a Iherzolite source, but in which 
orthopyroxene has a reaction relationship with the liquid. However, the 
experimental results verify that the katungite would be in equilibrium with 
clinopyroxene ± olivine at ~21kb, and as such it may be the partial melting 
product of a K-enriched clinopyroxenite.
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6.2.4 PERIDOTITE-H 2O-C02 SYSTEMS.
An alternative approach to elucidate the origin of Si-undersaturated magmas 
is based on the analysis (e.g. Boettcher et al., 1975) or prediction (e.g. Wyllie, 
1979) of liquid compositions formed by the melting of mantle peridotite. There 
has been much controversy as to the composition of these liquids, especially 
the small fraction formed close to the solidus, which is of interest in the 
generation of olivine-melilitites, kimberlites and ultramafic lamprophyres (Brey 
and Green, 1977; Rock, in press). The results of several investigations are 
outlined below.
Confirming the results of Bultitude and Green, (1971), Takahashi and Kushiro, 
(1983), showed that Si-deficient (<46wt% Si02) alkali mafic magmas cannot be 
derived from the dry, partial melting of peridotite. Mysen and Boettcher, (1975) 
and Boettcher et al., (1975) also showed by means of direct EMP analysis of the 
unaltered(?), quenched glass compositions, that at high H20 contents the liquid 
compositions, up to 200°C above the solidus of spinel or garnet-lherzolites, 
were aluminous and quartz-normative. Furthermore, they showed that with the 
addition of 10% phlogopite to a Hawaiian spinel-lherzolite, glass compositions 
were found to be only mildly potassic (1wt% K2O), results confirmed by 
Wendlandt and Eggler, (1980).
Studies on the phase relations of a garnet-lherzolite under 
CO2~undersaturated and CO2~saturated conditions have shown that the phase 
equilibria and liquid composition may be dramatically affected by the presence 
of C02- Wendlandt and Mysen, (1980) noted that at low pressure, the presence 
of C02 has little effect on the peridotitic solidus, or on the near-solidus glass 
compositions which are tholeiitic. At high pressures (~27kb), however, the 
peridotite solidus temperature drops by -250°C and a carbonate becomes a 
stable mantle phase due to the reaction: 2Fo + Di + 2C02 = 4En + Dol which, if 
sufficient C02 is present, will go to completion. Over 20% melting of a 
carbonated peridotite is required before the carbonate (dolomite at low 
pressures) is consumed, with the initial liquids being carbonate-rich.
Again, by direct EMP analysis of presumed quench-free glass compositions, 
Mysen and Boettcher, (1975) showed that under mixed volatile conditions (but 
C02 rich), Si-undersaturated, Ca-rich magmas, resembling olivine-melilitites and 
olivine-nephelinites, may be produced by partial melting of spinel-lherzolite 
between 10-15kb. In the synthetic system, CaO-MgO-Si02~C02, however, 
larnite-normative liquids may only be generated at pressures >25kb, and will be 
generated at higher pressures in the presence of mixed volatiles (Eggler, 1978). 
This discrepancy may be attributed to the problems of quench crystallisation in
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the experiments of Mysen and Boettcher, (1975). The results from synthetic and 
natural experiments have been compiled by Wyllie, (1979) who presented a 
model for the generation of quartz-normative to larnite-normative compositions 
under variable XHZO XC02' p and T conditions. From the model, although the 
precise composition of the near-solidus liquid cannot be predicted, 
larnite-normative compositions may only be produced at high X£Q2 anc' 
pressures >25kb.
6.3 STARTING COMPOSITIONS FOR THE EXPERIMENTAL STUDY.
Two samples were investigated in this experimental study. One sample 
came from the Tugtutoq 2 exposure (186228) and the second sample from the 
olivine-pyroxenite at Nugarmiut 4 (181921). Both are representative of their 
respective localities and combine high Mg-numbers, Ni and Cr contents and low 
Fe-oxidation ratios (Table 6.1), with textural and mineralogical homogeneity. 
Samples are porphyritic, containing olivine phenocrysts (Fosi for sample 181921; 
Foyi for sample 186228) up to 4mm in diameter, set in a finer-grained 
(<0.1mm) matrix, consisting of olivine, magnetite, ilmenite, clinopyroxene, 
phlogopite and, in sample 186228, amphibole. Preparation of the starting 




The results from atmospheric pressure (at the f02 of the Ni-NiO (NNO) 
equilibrium) are combined with the high pressure data (close to the fO2 of the 
Fe-wustite (IW) equilibrium, Appendix D), in a P-T projection illustrated in Fig. 
6.1. The temperature of olivine and pyroxene crystallisation in basaltic melts 
appears relatively insensitive to oxygen fugacity at atmospheric pressure (~5°C 
for olivine and ~15°C for pyroxene; Biggar, 1974), so the projection of the phase 
boundaries, each located at differing oxygen fugacities, is believed to be 
justified.
At 1atm, high liquidus temperatures (~1470°C for 181921; 1410°C for 
186228) are recorded for both samples, with the liquidus phase being olivine 
(~Fos6-9l)- Tne second phase to crystallise at atmospheric pressure is spinel, 
at 1338°C and 1275°C respectively, followed by clinopyroxene at substantially 
lower temperatures (1180°C and 1156°C). The extensive degree of
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crystallisation which preceded the precipitation of a K-bearing phase, together 
with its low concentration, made positive identification by EMP analysis difficult 
and only through XRD studies was the phase identified as leucite.
The olivine-liquidus increases with increasing pressure at a rate of 
~-4-5°Ckb~ 1 , which is consistent with the 5°Ckb for katungites (Arima and 
Edgar, 1983) and alkali basalts (Thompson, 1974a), but lower than the 6°Ckb~ 1 
for olivine melilitites (Brey and Green, 1975). The temperature of clinopyroxene 
saturation also increases with pressure at a rate of ~10-12°Ckb and 
compares favourably with the estimates of 13°Ckb for peridotite (Jaques and 
Green, 1980) and 12°Ckb" 1 for alkali basalts (Thompson, 1974a). The liquids are 
predicted to become saturated with both clinopyroxene and olivine at ~42kb at 
1680°C and ~35kb at 1520°C for samples 181921 and 186228 respectively. No 
orthopyroxene or garnet was detected.
— n 
At atmospheric pressure and at an f02 of 10 (i.e. in air) the phase
relationships for sample 186228 show significant changes. The onset of spinel 
and pyroxene crystallisation occurs at higher temperatures (>19°C and >64°C 
respectively) and although these temperatures have not been precisely 
bracketed, these findings are consistent with the work of Hill and Roeder, (1974) 
and Biggar, (1974).
6.4.2 LIQUID COMPOSITIONS.
The determination of liquid compositions at atmospheric pressure proved to 
be difficult. It should be noted (Table 6.1), that the compositions used are 
Fe-rich (15% and 18% FeOt) and tnat despite the use of Pt-Fe wire sample 
holders (Appendix D), Fe-loss occurred to a greater or lesser extent in many of 
the experiments (Fig. 6.2). The Fe-loss was indirectly caused by the low 
viscosity of the melts, which approaches 1 poise at ~1400°C (calculated by the 
method outlined by Shaw, 1972) and resulted in the minimal amount of sample 
being retained by the sample holder.
The changing composition of the liquid with temperature at atmospheric 
pressure is illustrated in Fig. 6.2. The SiO2 contents (not illustrated) remain 
nearly constant (36 to 39wt.% SiO2) for both samples, while the MgO contents 
fall linearly with falling temperature. The rather variable Fe-recovery is clearly 
illustrated, while the low Na2O (not illustrated) is a reflection of alkali 
volatilisation during the experiment, coupled with the poor detection limit and, 
possibly, alkali diffusion during EDS analysis (Appendix B).
The onset of spinel crystallisation is marked by a drop in the Fe-content 
(readily illustrated for sample 186228), while elements incompatible to both
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olivine and spinel become concentrated in the glass. Pyroxene crystallisation is 
revealed by a sharp decline in the glass Ca-content. Leucite crystallisation is 
not revealed in either sample, probably due to its low modal abundance.
The normative content of the glasses, which for both samples are 
hypersthene-normative at temperatures >1320°C (due to -total alkali 
volatilisation, Appendix D), become decreasingly olivine-normative. Sample 
186228 becomes progressively orthoclase and nepheline-normative, while 
sample 181921 becomes progressively nepheline, larnite and leucite-normative 
as the degree of crystallisation increases. The latter composition is distinctly 
more calcic, resulting in a higher anorthite content, which requires a higher 
sijica allocation early in the normative calculation procedure.
Inspection of representative averaged glass analyses (Appendix D, Table D2) 
revealed that the compositions retain the ultramafite characteristics; namely high 
Ti02, FeOf, CaO and K20>Na2O (and hence are comparable to the ultramafic 
dykes and lavas in the field area) , but rapidly become strongly depleted in MgO. 
The low temperature liquid compositions are believed to have no natural 
analogues.
6.4.3 OLIVINE-GLASS ELEMENT DISTRIBUTIONS AND OLIVINE COMPOSITIONS.
At atmospheric pressure olivine crystallises alone over an interval of 
~-135°C. The most magnesian olivine synthesised was Fogs at an
— 0 
10 and as such is comparable to the forsterites associated with the
ferri-diopsides in the natural rocks. The temperature at which a liquid becomes 
saturated with olivine is strongly dependent on the MgO content of the liquid 
(French and Cameron, 1981). This relationship is nearly linear (r=9.7, Fig. 6.2) and 
may be described by equation EQ1;
EQ1 TEMPERATURE(C) = (MgO wt% + 40.20)70.0402 
which may be used to estimate the olivine crystallisation temperature for melt 
compositions which are encompassed by those of this study. More precise 
temperature estimates over a larger compositional spectrum may be achieved by 
considering the effects of liquid composition in more detail. This may simply be 
achieved by using a large data-base consisting of glass compositions coexisting 
with olivine and formulating an expression by linear regression analysis 
accounting for the effects of liquid composition. The data-base used in the 
pioneering work of Nathan and Van Kirk, (1978), has been expanded and new 
coefficients derived by Ford and Russell, (1981). The success of this latter 
formulation applied to the compositions studied is illustrated in Fig. 6.3, where 
the calculated temperature of olivine saturation is compared to the
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experimentally observed temperature.
To a first approximation, the cation fraction of an element in a mineral (Xj M ) 
may be related to the cation fraction of the element in the liquid (Xj L ) by the 
linear expression
EQ2 InKj = Xj M/Xj L = A + B/T
where A and B are constants usually derived by linear regression analysis, and T 
is absolute temperature (Roeder and Emslie, 1970; Longhi et al., 1978). Fig. 6.4 
illustrates this linear relationship between InKj for Fe 2 "1" (calculated in the glass 
using the equation presented by Kilinc et al., 1983) and Mg in the samples 
studied. The strong correlation of InKj with 1/T for Mg (r=9.84) and Fe (r=9.56) is 
partially a reflection of the small compositional range studied; neither 
relationship should be used as a geothermometer for liquid compositions that 
fall outside this range. The effects of other variables, not considered in equation 
EQ2, is readily illustrated in Fig. 6.4, where the InKj values for a suite of 
transitional basalts (Russell, 1985) are compared to the data obtained in this 
study.
Nielsen and Dungan, (1983) produced an elegant model, accounting for the 
effects of liquid composition on the distribution coefficients (LnKj) by 
considering the liquid to be composed of network formers and network 
modifiers. An alternative approach was used by Ford et al., (1983). They derived 
an empirical equation based on -750 experimental results (including the data 
presented here) using least squares multiple linear regression analysis, which 
relates the distribution coefficients to pressure, temperature and liquid 
composition. The success of this latter approach is illustrated in Fig. 6.5, where 
calculated temperatures using the observed Fe and Mg distribution coefficients 
are compared, and found to agree well (~± 15°C) with the recorded 
temperatures. Conversely, knowing the liquid compositions and the temperature, 
the olivine composition may be calculated. Moreover, if the glass composition 
has been correctly determined, then the sum of the cations of Fe and Mg will 
equal 0.667 at the temperature of olivine saturation.
Again, to a first approximation, the Fe-Mg exchange distribution coefficient 
EQ3. KD = (XM Fe/XLFe ) x (XM M g/XLM g)
may be considered constant (~0.3 ± 0.03), being independent of temperature 
and composition {Roeder and Emslie, 1970). For the Nugarmiut and Tugtutoq 
samples the KQ ranges between 0.24 to 0.28 (Fig. 6.6.) These rather low Kp's 
may, like the simple single element distribution coefficients (LnKj), be related to 
compositional effects. Using the equation developed by Ford et al., (1983) the 
calculated Kg values (based on the experimental temperature and glass
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compositions) are found to agree well (0.25 to 0.27) with those experimentally 
determined (0.24 to 0.28, Fig. 6.6).
Assuming that temperature and composition have little effect on the olivine 
Mg-Fe distribution coefficient (Kp) (Fig. 6.6) for the compositional range studied, 
then the effect of pressure may be investigated. Under the high pressure 
experimental conditions used (see Appendix D), all Fe is assumed to be in the 
divalent state, but the f02 alone does not appear to affect the Kp (Ford et al., 
1983). From inspection of Fig. 6.6, it is felt unjustified to derive an equation for 
the effect of pressure, but the data appears to show a slight increase in KQ with 
increasing pressure, comparable to that found by Takahashi and Kushiro, (1983) 
and consistent with the work of Longhi et al., (1978), and Bender et al., (1978). It 
is clear from Fig. 6.6 that there is a systematic error in the KQS from many of 
the high pressure, low temperature experiments, a discrepancy which may be 
attributed to the effects of quench crystallisation on glass compositions.
Inspection of the olivine compositions (Appendix D) reveals that they are 
consistently Ca-rich, with CaO contents ranging from -0.45 to ~1.2wt%. 
Watson, (1979) studied the Ca content of forsterites in the synthetic system, 
Na20-CaO-MgO-Al2O3-SiO2 and derived the relationship: wt%CarjL 
0.0275wt%CaQ|_ (Fig. 6.6). The high Ca contents in the olivines studied may 
partially be due to; 1) contamination during analysis with the surrounding glass, 
2) secondary fluorescence effects (Watson, 1979) and 3) the presence of a 
fayalite component in the synthesised crystals, which will increase the Ca 
solubility (Watson, 1979).
The CaO contents of the olivines crystallised at high pressure (18-30kb), 
range from -0.4-1.Owt% CaO and are comparable to those found in other 
studies (e.g. Edgar et al., 1976; Chapman and Freestone, 1978). Despite the 
difficulties in obtaining glass compositions unmodified by quench crystallisation, 
there is no indication that the CaO content in olivine is inversely related to 
pressure, as suggested by Simkin and Smith, (1970) (Fig. 6.6).
6.4.4 SPINEL-GLASS RELATIONSHIPS AND SPINEL AND ILMENITE COMPOSITIONS.
At 1 atmosphere pressure and close to the NNO-buffer, spinel commences to 
crystallise at a higher temperature in sample 181921 than in sample 186228. 
This may partially be attributed to the higher Cr content in the former (930ppm 
compared to 430ppm respectively), which is known to dramatically increase the 
spinel liquidus, when all other parameters are kept constant, (Hill and Roeder, 
1974). Spinel crystallisation is continuous down to low temperatures. The 
compositions of these miniscule crystals frequently involved a major X-ray
216
contribution from the surrounding glass, but some general comments may still 
be made.
Consistent with petrographic observations on basaltic compositions (e.g. 
Haggerty, 1976b), the first spinels to crystallise from the samples are rich in 
AI 2°3' Cr2°3 and M 90 (12, 26 and 13wt% respectively at 1284°C from sample 
181921). With falling temperature there is a progressive change to 
Ti-magnetites (~25wt% TiO2). Spinel becomes increasingly rich in FeO while 
total Fe remains roughly constant (within 1-2wt%) throughout the crystallisation 
interval of Ti-magnetites. Hill and Roeder, (1974) synthesised spinels between 
1098-1327°C and fO£ between io~0<68 and 10~ 14 ' 2 . They found that the effect 
on the spinel composition of decreasing temperature was to increase the FeO, 
F6203 (and hence total Fe) and Ti content and to decrease Al, Cr, and Mg 
content, at constant f02- The present results generally reaffirm these 
observations (Fig. 6.7).
Although the spinel liquidus surface for sample 186228 has not been located 
at at a high fO2 (10~°'678), it is clear from the abundance of spinel at 1271°C, 
that an extensive degree of crystallisation had taken place. The abundance of 
spinels is reflected in their low Cr-contents (Appendix D). Compositionally, they 
may be distinguished from the spinels synthesised close to the NNO buffer (at 
similar temperatures) by their high Fe2O3 and FeO contents, while at higher 
temperatures their high MgO contents may be a reflection of the high MgO 
content of the coexisting liquids. The compositional changes observed with 
cooling are similar at both a low f02 (NNO) and a high f02 (that of air).
At higher pressures, but at a lower oxygen fugacity, ulvospinel ss and later 
ilmenite ss crystallised from sample 186228 (Fig. 6.1). Although the fugacity of 
the sample is buffered in the wustite stability field (Appendix D), the 
ulvospinelsss and ilmenites ss are not stoichiometric, requiring the conversion of
Oj. O +
Fe to Fe to attain the correct anion:cation ratio. However, this anomaly 
(resulting in ~3wt% Fe203 in the spinel) may be due to analytical error, 
considering the analytical difficulty and poor precision obtained from EDS 
analysis (Appendix B).
These high pressure spinels are invariably Al-rich (10-12wt% AI2O3), with 
very little Cr (<0.5wt% C^Os) and about 28wt% Ti02- Coexisting ilmenites are 
Al-poor (~1.0wt% AI203) compared to the spinels. The ilmenites, like the 
spinels, contain between 6 and 7wt% MgO (Appendix D).
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6.4.5 PYROXENE-GLASS RELATIONSHIPS AND PYROXENE CHEMISTRY.
Clinopyroxene crystallisation commenced at relatively low temperatures at 
atmospheric pressure (e.g. 1180°C and 1156°C), but at pressure >30kb 
Clinopyroxene occurs as a liquidus or near-liquidus phase (Fig. 6.1). The 
pyroxenes that crystallised at atmospheric pressure are compositionally 
heterogeneous and while many are distinct from the starting compositions 
(being richer in Ti and Al and poorer in Si and Mg), it is clear that equilibrium 
was not always attained. Furthermore, the high degree of crystallinity at these 
low temperatures makes analysis difficult. For these reasons, the linear 
relationships between the distribution coefficients (InK,-) and 1/T displayed by the 
olivines are not evident in the pyroxene-glass relationships. Moreover, the 
Fe-Mg exchange distribution coefficient (Kp), which appears to be dependent on 
cooling rate and temperature, but which is insensitive to bulk composition 
(Gamble and Taylor, 1980), ranges from 0.1 to 0.6, showing no systematic 
dependence on pressure, temperature or composition, presumably reflecting 
experimental and analytical difficulties (Appendix D). A value of 0.24 is, however, 
recorded for the near-liquidus pyroxenes at 30kb and is comparable to that 
found by Thompson, (1974b).
For the same reasons as those outlined above, it is not possible to derive 
mineral temperature or mineral composition equations from the pyroxene data 
presented here, but using the coefficients presented by Ford and Russell (1981), 
the estimated temperature of pyroxene saturation agrees to within ± 10°C of the 
observed temperature.
All pyroxene compositions, both at high and low pressure, are Ca-rich 
(Ca/(Ca + Mg + Fe) = >45), with the high-pressure crystals never coinciding with 
the calcic limb of the two-pyroxene field defined by Mori, (1978). It is therefore 
inferred that these clinopyroxenes are not saturated in an orthopyroxene 
component. These findings are consistent with those from other studies on 
Si-undersaturated compositions under C02~absent conditions (e.g. Brey and 
Green, 1975). The lowest wollastonite content is recorded in pyroxenes 
synthesised at the higher pressures. Mg-numbers are shown in Fig. 6.1 to fall 
with falling temperature.
At high pressures the Ti and Al contents of the pyroxenes are also high 
(usually -5-6 wt% Ti02, 9-12wt% AI203) and, as all the Fe is assumed to be in 
the divalent state (Appendix D), the dominant Ti-bearing substitution must be S1:
51. Mg + 2Si = Ti + 2AI4
52. Mg + Si = Al + Al
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Combining S1 and S2 reveals that charge balance is not attained (Fig. 6.8). 
Deviation from the 1:1 line shown in Fig. 6.8 may be attributed to the presence 
of other Ti and Al bearing substitutions which may not have been suspected
2.
from an EDS analysis (e.g. involving NaTiAISiOs, NaAISiOs). Only the low 
temperature (1210°C) crystals formed at 19kb have Na2O contents >1wt% and 
contain noticeable contents of a Na-bearing substitution, which is consistent 
with the findings of Thompson, (1974b), namely that Na-substitutions increase 
with falling temperature at constant or rising pressure.
Yagi and Onuma, (1967) showed that in the synthetic system 
CaMgSi206-CaTiAl2O6, the maximum solid solution of the ~H molecule occurred 
at atmospheric pressure and was about zero at high pressures (10-25kb). The 
results of this study show that the Ti solubility in natural crystals may be high. 
Although it is difficult to isolate the effect of temperature and pressure on the 
pyroxene composition, the present results reaffirm the conclusions that at high 
temperatures the pyroxenes become less titaniferous (Thompson, 1974b). The 
near-liquidus pyroxene synthesised at a pressure of 30kb and 1467°C, is not 
only relatively Ti and Al-poor, but also contains a high concentration of Als, 
brought about by high Si content.
The high pressure pyroxenes synthesised in this study bear little 
resemblance to those synthesised under similar "dry" conditions from 
olivine-nephelinites or picrite-nephelinites (Bultitude and Green, 1971) or from 
olivine-alkali basalts (Thompson, 1974b), with the Tugtutoq compositions being 
Ti (5 wt% Ti02) and Ca-rich (20-22wt% CaO) and Si-poor (~43wt% SiO2). They 
are also equally distinct from the pyroxenes synthesised by Arima and Edgar, 
(1983) from a katungite starting composition and distinct from those produced 
from an olivine-melilitite studied by Brey and Green, (1975, 1977). The Tugtutoq 
samples are again Ti-rich and Si-poor, but are also richer in Al, a feature which 
cannot be attributed to the Al content of the coexisting liquids.
6.4.6 LEUCITE-LIQUID RELATIONSHIPS AND LEUCITE COMPOSITION.
Leucite is the fourth phase to crystallise at atmospheric pressure in both 
samples 186228 and 181921, with the coexisting glass composition having 
~2.4wt% <2O and ~2.2wt% <20 respectively. Only a single semi-qualitative 
analysis is presented in Appendix D.
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6.5 SUMMARY AND FUTURE WORK.
At low pressures the ultramafites have high liquidus temperatures and an 
extended interval of crystallisation. These findings are inconsistent with a low 
pressure origin for the ultramafites. Crystallisation of the dominant liquidus 
phases, olivine and clinopyroxene, at high or low pressure, does not dramatically 
alter the silica content of the liquid but the MgO content rapidly decreases. 
Their apparently refractory nature may be attributed to the anhydrous conditions 
used in the experiments, but may also indicate that the compositions are 
cumulus enriched. Addition of 10% and 20% olivine to sample 186228 increases 
the estimated anhydrous olivine liquidus temperature by 50° and 90°C 
respectively.
It has been demonstrated that the use of olivine and pyroxene 
mineral-temperature equations can be used successfully to model the anhydrous 
phase relations of these ultramafic compositions. Their application, therefore, 
may be extended to the lava flows and other ultramafic compositions in the 
district. For example, an Eriksfjord Formation lava flow (Larsen, 1977) has a 
predicted olivine-saturation of 1340°C, followed by pyroxene at 1221°C, under 
anhydrous conditions. Similarly, the Asalukasit ultramafite also has a high 
olivine liquidus temperature (1390°C), followed by pyroxene at 1185°C. In both 
cases the oxidation ratio (Fe#=Fe /Fe +Fe ) was set to —0.3.
Extrapolation of mineral-temperature equations to high oxygen fugacities has 
not been experimentally tested and may not be justified. Nevertheless, the 
olivine, and especially the pyroxene, liquidus temperatures are predicted to 
increase with increasing oxidation state; an increase in the pyroxene liquidus 
temperature is in keeping with the findings of this study. If it is assumed that 
the bulk composition of the ferrian-pyroxenite (278089) represents that of a 
liquid, then even at high oxidation ratios, the predicted olivine liquidus is greater 
than that of the pyroxene liquidus. This is not necessarily in conflict with the 
petrographic interpretation (Section 3.4.2) of abundant pyroxene pseudomorphs 
within the ferrian-pyroxenite, as A) the bulk composition may not represent that 
of the liquid, B) the pseudomorphs may be quench crystallisation products and 
C) the addition of C02 (or perhaps H20) may decrease the olivine liquidus and 
increase the pyroxene liquidus compared to the anhydrous situation (cf. Rock, 
1978).
From the work of Brey and Green, (1977) and others, it appears essential for 
both H2O and C02 to be present if a peridotite mineral assemblage and mineral 
compositions compatible with mantle mineralogy are to be synthesised. It is
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not, therefore, surprising that the "dry" melting experiments performed in this
•
study did not synthesise a Iherzolite assemblage, or synthesise compositions 
compatible with a mantle mineralogy.
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Fig.6.1 P-T projection of representative high and low pressure 
experimental results. Olivine compositions (numbers to the left) and 
pyroxene Mg-numbers (numbers to the right) are shown for the high 
pressure data. Dashed line = proposed spinel-in boundary and 
ilmenite-in boundary. A. Results of melting experiments on sample 
181921 B. Results of crystallisation experiments on sample 186228 (v = 
single melting experiment). •= GlassVA= Olivine + glass O= Olivine + 
clinopyroxene + glass, O= Olivine + clinopyroxene + spinel + glass • = 
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Fig.6.2 Oxide vs. temperature variation diagrams for the glass 
compositions in equilibrium with the phases illustrated at atmospheric 
pressure and close to the NNO buffer, GL = glass, OL = olivine, SP = 
spinel, PX » clinopyroxene, LC = leucite.
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Fig.6.3 Estimated temperature of olivine saturation vs. measured 
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Fig.6.4 Relationship between the cation fraction of Fe and Mg in 
olivine and in the glass, and inverse temperature. The linear 
expressions are derived from the atmospheric pressure results on 
samples 181921 (+) and 186228 (x) and compared to the expressions 
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Fig.6.5 Measured temperature vs. calculated temperature of olivine
saturation, using the expression relating the mole fraction of Fe (x) 
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Fig,6.6 A. Variation of the olivine-liquid Fe-Mg distribution coefficient
(K0) with temperature, for the samples 181921 (+) and 186228 (x).
B. Variation of the olivine-liquid Fe-Mg distribution coefficient (Krj)
with pressure for sample 186228. Numbers to the right of data points
are temperatures in °C. TK = KQ estimate from Takahashi and Kushiro,
(1983).
C. Variation between CaO content of the olivine and that of the glass
at atmospheric pressure. The range of CaO in high pressure olivines is
also illustrated. Solid line (W) relates CaO in the olivine to that in the


























Fig.6.7 Variation in spinel composition with temperature and oxygen 
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Fig.6.8 Composition of high pressure pyroxene expressed as tetrahedral 
site vacancy (2-Si) and octahedrally coordinated Al and 2 x Ti. Data 




PETROGENESIS OF THE TUGTUTOQ-NUGARMIUT ULTRAMAFITES
7.1 INTRODUCTION.
/
This chapter is concerned with the petrogenesis of the TNU and combines 
the information obtained from the mineralogical and geochemical studies and 
the field relationships, in an attempt to characterise the unique features of these 
rocks. Underlying geological mechanisms which may account for some of these 
features are discussed, while guidelines for future work, envisaged to test these 
mechanisms or resolve the outstanding problems, are suggested. Section 7.8 
enquires if the proposed genesis of the ultramafites is compatible with their 
regional setting. Finally, the characteristics of the ultramafite magmatism and 
the conclusions are summarised in the form of short notes in Section 7.9.
7.2 THE FERRIAN-PYROXENITE AND OLIVINE-PYROXENITE RELATIONSHIP.
A dominant feature of the TNU is the spatial association of olivine-pyroxenite 
and ferrian-pyroxenite. The geochemical, mineralogical and petrographical 
characteristics of these two facies are summarised in Table 7.1. This 
compilation gives a misleading impression of simplicity and overides the 
characteristic feature of the pyroxenites, namely that they are heterogeneous on 
both an outcrop and a thin section scale. Nevertheless, the summary presented 
is believed to depict the salient features of the Nugarmiut 3 and 4 exposures, 
where the spatial relationship between the ferrian-pyroxenite and the 
olivine-pyroxenite is simple and relatively well constrained.
Field relationships (Section 2.9) and mineralogical studies (Chapter 3 and 4) 
suggest that the formation of the ferrian-pyroxenites postdates the 
crystallisation of the olivine-pyroxenites, and that the ferrian-pyroxenites are the 
product of a highly oxidising process. This process may be either a discrete 
event (e.g. a second injection of an oxidised fluid), or a natural consequence of 
progressive cooling and crystallisation (e.g. fractional crystallisation). The 
olivine-pyroxenite and the ferrian-pyroxenite have similar trace element contents 
(Section 5.4, 5.5), which does not support an unrelated process, but rather a 
process that is intimately related to the formation of the olivine-pyroxenites. 
The spatial relationship between the megacryst-rich olivine-pyroxenites and the 
ferrian-pyroxenites opens the possibility that the latter are the olivine-poor
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complement to the cumulus-enriched olivine-pyroxenites. Recognition of 
cumulus-enriched compositions has been previously discussed (Section 4.5.10, 
5.11.1) and is further illustrated for Nugarmiut 3 and 4 in Fig. 7.1. Apart from 
correlations between CaO and MgO and between CaO and oxidation ratio
(Fe#=Fe /Fe +Fe) (Fig. 7.1), interelement correlations are generally poor. 
However, it is apparent from Fig. 7.1 that:
1) When the CaO-MgO relationship is considered, fractionation of olivine 
the phenocryst phase) alone, as suggested above, cannot account for the 
observed trend relating the olivine-pyroxenites (generally Mg-rich) to the 
ferrian-pyroxenites (generally Mg-poor). The combined fractionation of olivine 
(Fos2) with ilmenite and, or, magnetite, or the fractionation of pyroxene, may 
partially account for the observed relationship. Equilibrium crystallisation cannot 
account for the observed trend.
2) A consideration of the CaO-FeOt relationship dismisses the possibility that 
ilmenite and, or, magnetite may have played an important role in the formation 
of the ferrian-pyroxenites, as FeOj remains roughly constant for a wide variation 
in CaO. Moreover, ilmenite fractionation would efficiently remove Ti from the 
liquid. Ti depletion is not observed in the ferrian-pyroxenites.
3) Considering the CaO-Fe# relationship, extract calculations reveal that, the 
oxide phases apart, the fractionation of olivine, pyroxene or phlogopite is an 
inefficient way of increasing the oxidation ratio: An initial oxidation ratio of 
— 0.38 would rise to 0.43, 0.38 and 0.40 respectively, with 10% fractionation of 
olivine, pyroxene or phlogopite. 
It is therefore proposed that:
1) Fractionation did not play a dominant role in the formation of the 
ferrian-pyroxenites. This is further supported by the similarity in bulk 
composition (apart from oxidation ratio) between certain ferrian-pyroxenites (e.g. 
278036) and olivine-pyroxenites (e.g. 85976). Also, when considering the TNU as 
a whole, the oxidation ratio appears independent of bulk compositions, with the 
correlation coefficient between Fe# and the major elements being <0.6.
2) The formation of the ferrian-pyroxenites postdated the formation of the 
olivine-pyroxenites, but predated the formation of the leucocratic layers and was 
intimately connected with the formation of the breccias, mineral segregations, 
veins and pegmatites, and related to the broader problem of attaining high 
Fe-oxidation ratios during the late stages of crystallisation (Section 7.5).
3) The ferrian-pyroxenites often do not reveal their primary mineral assemblage 
or textures (Section 3.11), and have undergone at least grain-boundary 
adjustment. All that is required for grain-boundary migration to occur (i.e.
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annealing) is a supply of heat over an extended period of time. The ultramafites 
themselves are volumetrically insignificant. It is therefore suggested that the 
YGDC was responsible for the slow cooling which gave rise to the annealing of 
the ultramafites. With the age relationship established in Chapter 2, the 
annealing process requires the ultramafite and the YGDC to be 
contemporaneously (i.e. within the cooling period of the YGDC) emplaced. 
4) The spatial disposition of the ferrian-pyroxenite with respect to the olivine 
pyroxenite, especially at Nugarmiut 3 and 4, may reflect an upper zone of 
volatile-enrichment. An increase in volatile pressure would also be consistent 
with the process of brecciation and veining.
7.3 THE CONTACT-ZONE.
It was speculated in Section 2.9 that the ultramafite - gabbro contacts 
exposed on the Nugarmiut peninsula could equally well be interpreted as the 
ultramafite being the older or the younger member. In the light of the 
geocheraical, and petrographic evidence (Section 3.2, 3.3, 4.5.9, 4.5.10, 5.9) their 
age relationships may be discussed in greater detail. The following observations 
and their implications need to be considered if the sequence of events and the 
mechanism for the formation of the contact-zone are to be proposed.
1) The contacts between the ultramafites and the YGDC on the Nugarmiut 
peninsula are quite atypical of the contacts between the Asalukasit ultramafite 
and the Eriksfjord Formation, and between the Tugtutoq 2 ultramafite and the 
"basement" granite (Section 2.9). The contacts on the Nugarmiut peninsula are 
neither tectonic contacts (although the southern contact of Nugarmiut 4 may be 
an exception), nor are they sharply chilled contacts, but appear to involve an 
intimate mixing of gabbroic and ultramafic material.
2) The absence of chilled contacts may indicate that either rapid quenching of 
the younger member did not take place and, or, that extensive reaction at the 
contacts has occurred. The contemporaneous emplacement of the two 
members must be considered.
3) The Nugarmiut 1 and 2 contact-zones are richer in olivine than either the 
ultramafite or the gabbro and richer in Ti-magnetite than the gabbro. This 
preferential enrichment in olivine may be attributed to the precipitation of olivine 
from either the YGDC or the ultramafite, as both have olivine on the liquidus at 
low pressures (Upton and Thomas, 1980; Chapter 6).
4) A simple mixing of gabbroic and ultramafic material cannot account for the 
bulk composition of the contact-zone, which is characteristically enriched in Fe
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and V (Section 5.9). The isothermal mixing of two miscible liquids will normally 
give rise to a liquid of intermediate composition, but with the assimilation of 
crystalline material, the resulting liquid composition may be quite distinct from 
either component (McBirney, 1979), Alternatively, enrichment may be 
accomplished by the profuse crystallisation of a single phase. This appears, for 
example, to have occurred at the contact between a hydrated (oxidised) basaltic 
xenolith and the ferrogabbro magma of the Skaergaard intrusion. The oxidising 
effect of the xenolith gave rise to magnetite crystallisation at the xenolith rims, 
with iron being supplied from both magma and xenolith (McBirney, 1979). 
Finally, the formation of "Cornwall"-type magnetite deposits in the vicinity of 
diabase dykes is attributed to the low temperature (~500°C), hydrothermal 
transport of Fe, which originated from the intrusion but that was rapidly 
precipitated on contact with the surrounding limestone.
5) Symplectic intergrowths occur in the olivines from the Nugarmiut 1 and 2 
contact-zones and from the surrounding gabbro, but never in the olivines from 
the ultramafite. The olivine from the contact-zone range from Fos5 to F°72- As 
they contain exsolution products, their original composition may have been 
<Fos5 and hence quite distinct from the olivine phenocrysts from the 
ultramafite (Fos2) and from the most primitive olivine composition from the 
YGDC (Foes, Upton and Thomas, 1980). Even at a low fO2 (e.g. IW buffer), the 
calculated liquidus olivine (Ford et al., 1983) that would crystallise from a liquid 
represented by the bulk composition of the ultramafites would be >Fogrj. It is 
therefore proposed that the olivines in the contact-zone did not crystallise from 
the typical ultramafite composition, but are akin to those of the YGDC. This may 
be attributed to the effects of contamination of the ultramafite magma by the 
YGDC (or vice versa). It is clear that the exsolution process responsible for the 
symplectic intergrowths occurred after olivine crystallisation and it is suggested 
that the oxidation process that gave rise to the ferrian-pyroxenites also gave 
rise to the symplectites.
6) Magnetite-rich segregations occur both in the gabbro and in the ultramafite 
close to the olivine-pyroxenite - gabbro contact. Some of these segregations 
are rich in apatite. It has been suggested that Fe is a mobile element during the 
cooling of basic magmas (Elsdon, 1982) (see item 4 above).
7) Pegmatites occur in proximity to the olivine-pyroxenite - gabbro contact. A 
coarse-grained zone, composed of the same minerals as the host ferrogabbro, 
has been described around a siliceous gneiss xenolith within the Skaergaard 
intrusion. In this case, pegmatite development was attributed to crystallisation 
from a liquid enriched in volatile components from the xenolith (McBirney, 1979).
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However, in the Nugarmiut example, the pegmatites are not simply 
coarse-grained variants of the gabbro but are enriched in olivine and magnetite.
8) Although exposure is invariably poor in the vicinity of the ferrian-pyroxenite - 
gabbro contact, the characteristics 3), 5), 6) and 7) are absent, with the 
contact-zone rock being represented by a ferri-diopside, magnetite, apatite and 
feldspar assemblage (Section 3.9). The differing facies of the ultramafite - 
gabbro contacts appear to reflect the characteristics of the neighbouring 
pyroxenite. This may be accounted for by three distinct processes:
A) If the YGDC is younger than the ultramafite and the ferri-diopsides are 
fragments (i.e. xenoliths) plucked from the ultramafite, then the oxidation process 
must have occurred prior to the emplacement of the YGDC. However, the 
ferri-diopsides do not show any sign of resorption, recrystallisation, undulose 
extinction or extensive zoning, but like the apatites appear to be in equilibrium 
with the associated phases.
B) The YGDC is younger than the ultramafite and gave rise to the 
ferrian-pyroxenite. If this is the case, then why are the characteristics of the 
two types of contact-zone so distinct? Intuitively one would expect the junction 
between two homogeneous rocks to be the same along the total contact. This 
is clearly not the case.
C) If the YGDC was the older member, as proposed in Chapter 2-, then 
exchange of material must have occurred between the gabbro and the oxidised 
ultramafite magma. The transfer of material from the crystallising ultramafite 
magma into the gabbro may have accompanied the extensive recrystallisation, 
brecciation, mineral segregation and veining observed in the ferrian-pyroxenites.
9) Experimental studies reveal that the relatively primitive YGDC chilled margin 
has a liquidus temperature of ~1200°C and a solidus of 1040°C at atmospheric 
pressure. This contrasts with the dry liquidus of the TNU of >1400°C and a dry 
solidus of ~1150°C (Chapter 6). It is, however, unreasonable to suppose that 
the ultramafite magma was dry, water-saturated or that it was intruded in a 
totally liquid state. It was proposed in Section 2.9, that if the contact-zone is 
interpreted as a reaction between older ultramafite and gabbro, then the 
ultramafite must have had a high volatile content. Locally the 
olivine-pyroxenites show relatively little sign of recrystallisation and their 
textures could be those attained early in their cooling history. With their high 
modal proportion of olivine and absence of any dominant hydrous phase, they 
are clearly refractory. The extent of recrystallisation is not invariably related to 
the proximity to the contact. This latter observation lends support to the 
inferred age relationships (Chapter 2) between the YGDC and the TNU. If the
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YGDC was the younger and the ultramafite was not stratified (i.e. did not have a 
volatile-enriched top) prior to the emplacement of the YGDC, then the extent of 
recrystallisation and development of a secondary mineral assemblage may be 
expected to be greatest in proximity to the gabbro.
In detail, many features of the contact-zones remain unresolved. Thus, the 
absence of an olivine-pyroxenite border around the contact at Nugarmiut 3 is 
difficult to explain. It is, however, emphasised that the only exposed contacts 
are those between the olivine-pyroxenite and the gabbro. The exposure 
between the ferrian-pyroxenite and the gabbro is nowhere complete. 
Furthermore, a zone (the outer zone) of olivine-pyroxenite encircles the 
ferrian-pyroxenite (transition zone) at Nugarmiut 2 and may be present at the 
other localities. The observations above do not conflict with the age 
relationships inferred from field observations. They do, however, strongly 
suggest that there was not a large time difference between the intrusion of the 
YGDC and the intrusion of the ultramafites.
7.4 THE LEUCOCRATIC LAYERS.
The leucocratic layers are present within the olivine-pyroxenites and the 
ferrian-pyroxenites, and postdate both (Section 3.4.1). Studies on two of the 
monticellite-bearing layers reveal that they are richer in CaO and MgO than their 
host olivine-pyroxenite and are characterised by a monticellite, vesuvianite, 
garnet and diopside assemblage. The low carbonate content of these layers is 
confirmed by the analysis of their volatile content, which is predominantly 
hydrous (3.7wt% H2O + 0.3wt% CC>2, Upton, unpublished data). This is 
consistent with the presence of vesuvianite, whose stability is reduced at high 
C02 contents (i.e.>0.5; Deer, et al., 1982) and contrasts with the C02 and F-rich 
nature of the calcite - cuspidine assemblage. This latter assemblage is also 
observed in the veinlets that cut the monticellite-bearing layers, implying that 
carbonate and fluorine enrichment occurred after the formation of the 
monticellite-bearing leucocratic layers.
The carbonate enrichment during the late stages of crystallisation affords 
comparison with the other ultramafic rocks. The intimate association between a 
carbonate differentiate from an ultramafic composition is clearly illustrated in the 
Benfontein Sill (Dawson and Hawthorne, 1973), where immiscible liquids have 
migrated diapirically upwards towards the top of the sill. Separation of a 
carbonate-rich liquid from a crystallising kimberlite was also invoked by 
Robinson, (1975) to account for the occurrence of late-stage magnetite -
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serpentine - calcite dykes and anastomosing veins. No evidence of an 
immiscibility has been observed within the TNU. Nevertheless, the 
carbonate-rich pegmatitic segregations (Section 3.8), leucocratic layers and 
late-stage veins (Type 2) are consistent with the inferred evolutionary sequence 
for kimberlites and UML compositions, which ultimately leads to carbonate 
enrichment (Mitchell, 1979). However, this Ca and carbonate-enrichment is not 
associated with an enrichment in the REE. This is in contrast not only to the 
carbonatites, but also to the carbonate-rich ultramafic dykes in the Gardar 
province (Section B10).
It is therefore concluded that the leucocratic layers:
1) Formed at a late stage in the crystallisation of the Nugarmiut ultramafites.
2) Formed by the reaction of a late stage Ca-rich liquid, and a later CO2 and 
F-rich liquid, with the host pyroxenite.
3) Had a crystallisation temperature that may have been between 800°C and 
300°C, based on the occurrence of vesuvianite and birefringent garnet.
7.5 THE OXIDATION STATE OF IRON.
7.5.1 INTRODUCTION.
Fe is the only abundant element in igneous rocks that has a multiple 
oxidation state and hence may control or reflect the oxygen fugacity (fO2) of the 
magma. The vast majority of rocks at the crust of the earth have crystallised at 
an f02 close to the QFM buffer (Haggerty, 1976b), but unusual fO2S have given 
rise to metallic Fe (e.g. Disko Island, Pedersen, 1981) and highly oxidised mineral 
assemblages (e.g. pseudobrookite, ferrian salite, Johnston and Stout, 1984b). 
The high Fe203/FeO ratio of the TNU makes them unusual rocks in global terms 
and unique within the Gardar province.
Although the f02 may strongly influence the Fe203/FeO ratio of the melt, 
other parameters (e.g. the bulk composition, pressure and temperature) may also 
be significant (Mo et al., 1982; Kilinc et al., 1983). Before discussing the 
mechanism that may give rise to the high oxidation ratios, some pertinent 
observations and their implications need to be reiterated.
1)The high Fe2O3/FeO ratios and the presence of ferri-diopside, pseudobrookite, 
haematite, nearly pure forsterite and Ti-andradite suggest a high ambient fO2 
prior to the quenching of the ultramafite (Chapter 3, 4 and 5), although other 
factors (e.g. alkali content) may have had an effect (Thornber et al., 1980).
2) There is no evidence to suggest that the distinctive oxidation state of the 
ultramafites was acquired at the mantle depths (Section 5.11.7) where the
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ultramafic magma is believed to have been generated (Section 5.11.9).
3) Aside from the high oxidation state, the TNU are geochemically similar to the 
Asalukasit ultramafite. While the difference in oxidation state may be attributed 
to an inherent property of the TNU magma, it is suggested that it is more 
probably intimately connected with the petrogenesis of the YGDC (Chapter 1), to 
which only the TNU are spatially associated.
4) The oxidation occurred at relatively high temperatures (>600°C, Section 4.4.9) 
and cannot be attributed to low temperature hydrothermal alteration.
5) The ferrian-pyroxenites reveal secondary textures and mineral assemblages 
and appear to have crystallised after the olivine-pyroxenites, which formed 
under relatively reducing conditions (Section 4.4.11).
6) There is often a spatial relationship between oxidation state and position 
within the outcrop (e.g. Nugarmiut 3 and 4), but position is not necessarily 
associated with proximity to the ultramafite - gabbro contact. High oxidation 
ratios are also associated with brecciation (Nugarmiut 2), veining and mineral 
segregation (Chapter 2 and 3).
7) Euhedral ferri-diopsides in the pegmatitic segregations, together with 
euhedral pseudobrookites at Tugtutoq 1, testify to free growth in the presence 
of an oxidised fluid.
8) Collectively the TNU reveal no correlation between oxidation state and bulk 
composition (Section 5.11.7).
9) Assuming an initial Fe203/FeO ratio of 1.0 and a total Fe content of 15 wt% 
(as FeO), it requires <0.5g of 62 to oxidise the Fe and achieve a Fe2O3/FeO 
ratio of -3.5.
10) Extract calculations reveal that although fractionation of a non-oxide phase 
can increase the Fe-oxidation ratio, this is an inefficient process and would have 
profound effects on the bulk composition of the oxidised rocks (Section 7.2).
11) The ferrian-pyroxenites are frequently characterised by an absence of 
hydrous phases, as well as by the high oxidation ratios (Section 7.2). The 
presence of fluid inclusions within late crystallising minerals (e.g. in apatite, 
278084) is also noted.
The observations outlined above place constraints on the possible 
mechanisms that may give rise to high oxygen fugacities. These mechanisms 
may be divided into two categories; closed system and open system.
7.5.2 CLOSED SYSTEM MECHANISMS.
During the cooling of a dry magma in a closed system, the oxygen fugacity 
will be controlled by the temperature and the precipitating phases. Silicate
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removal may initially increase the Fe /Fe ratio and accordingly raise the 
Eventually, however, magnetite precipitation (Hill and Roeder, 1974) will occur 
and the Fe /Fe^ 4" ratio will be lowered.
If the system is closed, but the melt is hydrated, the f02 will be controlled 
by the initial fH20, fH2, dissociation constant of water (Kw) and temperature. 
Considering that it only takes 18g of H2O to completely oxidise 144g of FeO, the 
oxidation of Fe is likely to be sensitive to the fH20. The prolonged 
crystallisation of anhydrous minerals will increase the PH20 °f tne melt and 
hence decrease the decline in f02 which occurs with falling temperature and 
which will eventually lead to oversaturation in H20. Hamilton and Anderson, 
(1967), however, have shown that despite this relative increase in PH2O tne 
dominant parameter is Kw, which falls dramatically with decreasing temperature, 
invariably resulting in a decrease in f02 with decreasing temperature. Evidence 
from the mineral assemblages in the olivine-pyroxenites suggests that during 
the intitial crystallisation period the oxygen fugacity was not high. It therefore 
appears unlikely, especially with the crystallisation of hydrous minerals, that the 
fO2 of the melt would increase as a natural consequence of progressive 
crystallisation.
It is not clear when, if ever, a gaseous phase (if present) will buffer the fO2 
of the magma (Verhoogen, 1962; Gerlach and Nordlie, 1975b,c; Basaltic 
Volcanism Study Project, 1981, 371-384). However, if it is assumed that during 
the late stages of crystallisation the gaseous phase can buffer the melt (Basaltic 
Volcanism Study Project, 1981, 371-384), it may be instructive to consider the 
oxygen fugacity of gases found in equilibrium with basaltic compositions. If the 
gases consist of stoichiometric water (or CO2), the oxygen fugacity of the 
buffered magma will be defined by the appropriate dissociation constant and 
temperature, resulting in a high fO2 at high temperatures. Natural gas 
compositions deviate markedly from the pure gases and the simple dissociation 
constant - fO2 relationship is not valid (Verhoogen, 1962). The range in 
analysed gas compositions is large and reflects not only the problems of gas 
collection, but the extent of magma evolution, initial gas composition, time of 
collection and the effects of contamination in a system which probably is not 
closed (Basaltic Volcanism Study Project, 1981, 385-398).
Gas compositions vary as a function of magma compositions. High C02 
contents (40 mole%), for example, have been measured from the nephelinite 
volcano Nyiragongo (E. Africa) (Basaltic Volcanism Study Project, 1981, 385-398) 
and C02 of a high purity is obtained on a commercial basis from at least two 
localities in Kenya, with there being no evidence of juvenile water (Bailey, 1974).
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However, the most abundant volatile speci'es associated with basaltic volcanism 
are typically water (30-80 mole%), followed by C02 (10-40 mole%), with lesser 
amounts of S02, H, H2S, S, 02 and insignificant amounts of Cl and F (Basaltic 
Volcanism Study Project, 1981, 385-398), with the majority of data lying on the 
H 2O ~ (C02 •*• SO2) mixing line and having fO2S closely related to the QFM 
buffer (Gerlach and Nordlie, 1975a).
Using the compositional limits imposed by the natural gas compositions, 
Gerlach and Nordlie, (1975b) modelled the closed system cooling of various gas 
compositions. They concluded that T-fO2 relationships of the modelled gases 
were compatible with the T-f02 relationships calculated from the mineral 
chemistry, making it impossible to decide whether the magma buffers the gas or 
vice versa. Moreover, they stated "no C-O-H-S gases were found that 
maintained a constant or increasing f02 during closed system cooling" (Gerlach 
and Nordlie, 1975c).
Upton and Emeleus, (in press) proposed that the F content of Gardar magmas 
was quantitatively significant and was certainly abundant in the TNU (e.g. 
presence of cuspidine). The effect of F on the equilibria of the C-O-H-S gases 
has not been investigated, but by analogy with Cl, it is believed to have "no 
impact on the molecular equilibria" (Gerlach and Nordlie, 1975b).
7.5.3 OPEN SYSTEM MECHANISMS.
Open systems are relatively flexible and are probably a closer approximation 
to natural processes. Nevertheless, constraints may be placed on such 
mechanisms and these are discussed below.
During magma degassing, loss of cationic species (e.g. H + ) leads to
2_ 
oxidation, while loss of anionic species (e.g. S ) leads to reduction (Sato,
1978). Of the cationic species, H2 loss is believed to be very common in 
hydrous magmas and has been invoked to explain the incongruous association 
of xenoliths with a low intrinsic fO2 being transported by a magma with a 
relatively high f02 (Sato, 1978). The spontaneous ignition of magmatic gas on 
entering the atmosphere has been reported during the quiescent periods of 
eruptions on Kilauea and is believed to indicate H2 combustion, which testifies 
that H2 loss may occur (Basaltic Volcanism Study Project, 1981, 385-398). 
Furthermore, the process of H2 loss would be efficient at increasing the f02 
(Gerlach and Nordlie, 1975b): e.g. to change the Fe203/FeO ratio of a melt with 
10wt% FeOt from 0.1 to 1.0 would require the loss of 0.055wt% H2, 
corresponding to only 0.49wt% H20 if complete dissociation took place (Arculus 
and Delano, 1981). The underlying assumption for such an oxidising process to
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take place is that the system is open with respect to H2 and yet closed with 
respect to h^O and 02 i.e. it requires preferential loss of H2- Two cases where 
such a situation may exist are where:
1) The melt is water-undersaturated. The preferential loss of H2 must then be 
related to the relative diffusion rates of H20 and H2 (Eggler and Burnham, 1973).
2) The melt is water-oversaturated and a separate fluid phase exists. The 
preferential loss of H2 must then be attributed to the presence of a 
semi-permeable membrane. Sato and Wright, (1966) envisaged such a 
membrane perched in the cooling lava lake of Makaopuhi, Hawaii, to explain a 
zone of high oxidation (as high as 10~ 2 between 400-800°C ) within an area of 
relatively low f02 (~QFM). Similarly, Watkins and Haggerty, (1967) suggested 
that preferential H2 loss occurred and gave rise to a high f02 in the 
volatile-enriched interior of a lava flow.
The effect of H2 loss at a wall-rock - magma interface has been explored by 
Eggler and Burnham, (1973) who, after considering several geologically realistic 
starting conditions, concluded that H2 loss would not greatly affect the fO2 of 
the evolving magma. However, the starting conditions used by Eggler and 
Burnham, (1973) only covered wall-rock - magma fugacities close to the NNO 
buffer and in the presence of H2O and H2, with the wall-rock f02 being 
controlled by solid phases. Under different conditions H2 loss may have a 
greater effect (Arculus and Delano, 1981) and it is suggested below that this 
may account for the high fO2 within the TNU.
In contrast to element loss, gain of H2O, either from sea-water (Sigurdsson 
and Brown, 1970) or from rain-water (Wright and Okamara, 1977) has been 
proposed to account for a high f02- Addition of H20 to a silicate melt will 
eventually lead to saturation, but this alone does not appear to give rise to 
extremely high oxidation ratios, although hydrous compositions (e.g. andesitic 
suites) are characterised by fO2 > Ni-IMiO buffer (Arculus and Wills, 1980). 
Under realistic conditions modelled by the C-O-H-S gaseous equilibria, Gerlach 
and Nordlie, (1975b) showed that copious amounts of water are required to 
increase the f02 from ~NNO to ~HM buffer. For this reason, addition of H20 
was rejected as the oxidising mechanism that gave rise to the oxidised alkali 
gabbro from Hawaii (Johnston and Stout, 1984b; Johnston et al., 1985) and the 
oxidised assemblage at Kolbeinsey (O'Nions and Pankhurst, 1974). Both studies
ft7 ftfirevealed low Sr/ Sr ratios, which were interpreted as reflecting no extensive 
sea-water and magma interaction, as the Sr content and Sr/ Sr ratio of 
sea-water is high.
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Oxygen isotope ratios ( 160/ 180) are also sensitive to the effects of
18 contamination. Ultramafic rocks, gabbros and basalts are enriched in 0
18 relative to Standard Mean Ocean Water (SMOW) (5 0 = (RsAMPLE/R SMOW ~ 1 )
x 103 where R = 180/ 16 0 ratio), with 6 180 ranging from -5.5 to -7.5 (Faure,
I O
1977). Contamination of a magma with air (6 0 = 23.5, Faure, 1977) or
1 ft 1 ft sea-water (60 = 0) would be expected to increase or decrease the 50 of
18 the magma respectively, while contamination with juvenile water (<5 0 = 7,
Faure, 1977) may not be detectable and contamination with meteoric water, 
whose isotopic composition is variable, may be unpredictable. Considering 
these alternative contaminants, Johnston et al., (1985) concluded that air 
contamination gave rise to the oxidation of the Hawaiian alkali gabbro.
7.5.4 THE OXIDATION OF THE TNU.
From the preceding discussion it appears unlikely that any of the 
"closed-system" mechanisms can account for the extremely high fO2 envisaged 
for the crystallisation of the TNU. The geochemical similarity between the 
relatively reduced Asalukasit ultramafite and the TNU, (and perhaps between 
their ephemeral fluid phase?), supports this view. In contrast, "open-system" 
mechanisms may efficiently oxidise a magma. It appears inappropriate to 
speculate on the effects of contamination without further knowledge of the 
isotopic composition of the ultramafite and of the Pre-Cambrian environment, 
but the possibility that the TNU attained their high f02 by contamination must 
remain open. Perhaps slightly less speculative is the process of H2 loss and it 
is this process that is discussed below.
The olivine-pyroxenite is believed to have crystallised under relatively 
reducing conditions, but at an f02 >QFM buffer (Section 4.4.11) and, as implied 
by the local abundance of amphibole and mica (e.g. layered sequences, Tugtutoq 
2 etc.), it may have had a high volatile content. Under these conditions the fH2 
may have been controlled by fH20, KW and the f02 of the solid phases. These 
are quite distinct to the anhydrous and reduced conditions that prevailed during 
the crystallisation of the YGDC (Upton and Thomas, 1980). The fO2 of the YGDC 
may not have been controlled by fH2, fH2O and Kyy but by the anhydrous 
reaction 6Fe2TiO4 + 02 = 2F63O4 + SFeTiOs (Upton and Thomas, 1980). 
Consequently, the fH2 may be assumed to be low, perhaps controlled by the 
intrinsic hydrogen fugacity of the solid assemblage. It is tentatively suggested 
that such a fH2 gradient may be the underlying force that gave rise to H2 loss.
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A solidified rind of magma at the wall-rock and magma interface (Eggler and 
Burnham, 1973) or the complete crystallisation of the magma (Sato and Wright, 
1966) may have acted as a semi-permeable membrane and allowed preferential 
H2 loss from the TNU. The absence of "chills" at the ultramafite - gabbro 
contact may indicate that the emplacement of the ultramafite and the YGDC was 
contemporaneous. Under these conditions, cooling fractures within the YGDC 
may not have developed, constraining the volatile-loss to preferential H2 loss. 
In contrast, the Asalukasit ultramafite was intruded into cold, and permeable 
sandstones, where the conditions did not allow specific volatile-loss.
7.6 THE ABSENCE OF MELILITE.
The characteristic shape of melilite pseudomorphs has enabled melilite to be 
identified in some of the Gardar ultramafites (Stewart, 1970; Jones, 1980; Martin, 
1985), although the possibility that these are pseudomorphs after nyerereite has 
been proposed (Deans and Roberts, 1984). The absence of melilite in the 
Tugtutoq and Nugarmiut samples, which are usually larnite-normative (Section 
5.12.1), has been attributed to a high hydrostatic pressure during their 
crystallisation (Upton and Thomas, 1973). However, the absence of melilite in 
the geochemically similar Eriksfjord Formation lava flows (Section 5.10, Larsen, 
1977) and during the melting experiments on the TNU compositions (Section 6.4) 
suggests that there is a more fundamental reason for its absence.
Although there is solid solution between Na-melilite (NaCaAISi207), 
akermanite (Ca2MgSi207) and gehlenite (Ca2Al2Si2O7) (Deer et al., 1965), the 
usual composition of melilite in igneous rocks approximates to akermanite (66%) 
- Na-melilite (33%), (Yoder and Velde, 1976). Pure akermanite is stable to 14kb 
(Kushiro, 1964) under anhydrous conditions, but the stability limit is lowered to 
~10kb in the presence of excess H20 (Yoder, 1968) and to ~6kb in the 
presence of C02 (Yoder, 1975). The inclusion of a Na-melilite or a gehlenite 
component may extend this pressure range (Yoder, 1975). It appears that the 
absence of melilite cannot be attributed to the instability of the mineral, 
although akermanite is unstable below ~1000-1200°C between 2-6kb (Yoder, 
1975), indicating that melilite may be wholly replaced during slow cooling, being 
metastably preserved in volcanic rocks (Moore, 1983).
The crystallisation of melilite is favoured from (Si+AI)-poor, alkali-rich liquids 
(Velde and Yoder, 1976) and these compositions are known to yield 
clinopyroxenites (± biotite, hornblende, olivine and magnetite) at high pressures
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(<10kb), (Tilley and Yoder, 1968). It is, however, the Na/(Si + Al) ratio that 
appears critical, with a higher ratio favouring melilite precipitation (Lloyd, 1985). 
This is consistent with the invariably sodic nature of natural melilites, the 
absence of melilite in the Na-poor TNU and lava flows in the district and with 
the chemical distinction between melilite-bearing and melilite-free UML; the 
latter being poor in Al, Mg and Na (Rock, in press). Yoder, (1979) arrived at a 
similar conclusion, suggesting that relatively high alkali content would yield 
melilite, while compositions with a low alkali content would be more likely to 
crystallise plagioclase.
7.7 THE PETROGENESIS OF THE TNU.
«, 
The following model, which may account for some of the chracteristics of
the TNU, is based on many assumptions which have been discussed in the 
preceding text but have been omitted in this summary. With this cautionary 
note in mind, the following sequence of events is tentatively proposed.
1) PARTIAL MELTING: of mantle that was LREE-enriched relative to chondrite, 
occurred at a depth of >80 km in the presence of a C02~rich vapour phase. 
These conditions are required to generate larnite-normative compositions, 
enriched in incompatible elements (Section 5.13, 6.2). The presence of C02 
suggests that the mantle assemblage may have been partially carbonated. The 
intimate association of carbonatites and UML within the Gardar province, as 
elsewhere, lends support to the involvement of C02 in the genesis of the 
ultramafites.
2) SEPARATION FROM THE SOURCE: took place after a small (-5%) extent of 
melting had occurred. This is consistent with the steep REE patterns, high 
concentration of incompatible elements and low Al203/CaO ratios (Chapter 5). 
The residual mineralogy may then have consisted of olivine (55%), 
orthopyroxene (30%), clinopyroxene (10%) and garnet (5%) (Section 5.11.9). 
However, the abundance of incompatible elements suggests that the source may 
have been enriched in ilmenite, Cu-sulphides and phlogopite or amphibole. If 
residual, these phases may have influenced the incompatible element ratios (e.g. 
K/Rb, Section 5.11.9). The proposed model may be tested by continuing the 
experimental study on the ultramafite compositions, but in the presence of 
volatiles rich in C02 at pressures >25kb. If olivine, orthopyroxene, 
clinopyroxene and garnet are the residual phases, then these may be liquidus or 
near-liquidus phases at high pressure.
3) RAPID UPRISE: of the ultramafic compositions is suggested by the presence of
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mantle xenoliths (Igdlutalik diatreme) and the inferred low viscosity of the 
ultramafite liquids. Ascent rates of ~cm/sec to -in/sec have been proposed to 
account for ultramafic xenoliths in alkalic magmas (Spera, 1984).
4) EMPLACEMENT: was either in the form of a plug at deep levels or as a 
sill-like body at shallower depths (-3 km) (Section 2.9). The sill-like nature of 
the ultramafites is consistent with their linear N.W. alignment along the 
Nugarmiut peninsula, and the dip of the sill is coincident with the dip of the 
layering within the YGDC. The contemporaneous emplacement of the 
ultramafite and the YGDC prevented the development of "chill" contacts and 
gave rise to the reaction zone involving the crystallisation of olivine (the liquidus 
phase of the ultramafites) and magnetite from a composition far removed from 
that of the ultramafite itself. At this stage the oxygen fugacity of the ultramafite 
was in no way exceptional. Removal of the shallow superficial cover between 
the ferrian-pyroxenite and the gabbro would be required to unravel the changing 
characteristics of the contact-zone.
5) PROLONGED COOLING: is believed to have given rise to many of the 
characteristics of the ultramafite. Liquidus olivine phenocrysts responded to the 
conditions that prevailed during the cooling of the ultramafite. Olivine 
accumulation may also have contributed to the discrepancy between the 
whole-rock Mg-number and the olivine composition (Section 5.11.1) and would 
be favoured by the supposed low viscosity of the ultramafite compositions 
(Section 6.4.2). Progressive crystallisation was accompanied by increasing f02, 
reflected in the zonation sequence in the pyroxenes (Section 3.3.1, 4.2.5) and the 
replacement of ilmenite by pseudobrookite (Section 3.5.2, 3.6).
6) CRYSTALLISATION PROCEEDED: with the development of localised layers rich 
in phlogopite, pyroxene and opaque minerals. The absence of olivine in the 
layered rocks at Nugarmiut 4 suggests that layer development was a late-stage 
process. The layering at Nugarmiut 3 remains unexplained. Olivines observed at 
this locality enclose all associated phases and presumably crystallised relatively 
late. Mineral assemblage, textures and compositions are similar to those 
observed in the ferrian-pyroxenites and by analogy the layering must have 
formed after the development of the olivine-pyroxenite. The absence of 
well-defined cyclic or rhythmic sequences suggests that the layering may have 
been dominated by the injection of residual liquids, rather than by a cumulate 
process.
During the progressive cooling, f02 continued to increase and it is 
speculated that this occurred through preferential H2~loss. Volatile-enrichment 
was confined to a layer above the consolidated olivine-pyroxenite.
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Grain-boundary migration/recrystallisation(?) occurred in response to the 
changing ambient conditions.
7) AN INCREASE IN VAPOUR PRESSURE: gave rise to the brecciation of the 
layered sequences and was accompanied by extensive veining. The oxidised 
nature of the vapour and associated residual fluid is indicated by the veins being 
rich in ferri-diopside. Residual fluids, now represented by pegmatites within the 
olivine-pyroxenites, crystallised to mica, ferri-diopside, sphene, albite and calcite 
(Section 3.8). These pegmatites may be revealing the composition of the 
residual fluids that formed during the crystallisation of a larnite-normative, 
Si-undersaturated magma. The volatile phase prevailing during this period has 
been preserved in the form of fluids encapsulated in the crystajlising apatites. 
Examination of these inclusions may constrain the composition associated with 
this oxidising event.
8) RESIDUAL FLUIDS: gave rise to the leucocratic layers and planar calcite-rich 
veins, which formed after the development of both the olivine-pyroxenite and 
the ferrian-pyroxenite. Their mineral assemblage testifies to fluids rich in Ca, 
C02, F, Sr and Ba.
9) EMPLACEMENT OF THE BFD: occurred prior to the complete cooling of the 
ultramafites and was followed by the injection of the more evolved members of 
the Tugtutoq-llimaussaq dyke swarm. If the inferred age sequence is correct 
(Chapter 2) the BFD that cuts the Nugarmiut 3 ultramafite should also cut the 
YGDC. Removal of superficial cover would be required to trace the BFD along 
strike into the YGDC. Ultramafic members of the Tugtutoq-llimaussaq dyke 
swarm are extensively carbonated and are cut by later members of the same 
swarm. Examination of the contact between the two dykes may place 
constraints on the effects of metamorphism on carbonate-rich UML.
7.8 REGIONAL CONSIDERATIONS.
Throughout the text it has been emphasised that within the Gardar province, 
Si-deficient magmas (<40wt% Si02) are subordinate and chemically distinct 
from the voluminous basaltic dykes, which themselves may have given rise to 
vast quantities of lavas and are parental to the salic intrusions. There appears 
to be two chemically distinct associations; one of Si-deficient magmas formed 
by low degrees of partial melting, the other being basaltic and formed by more 
extensive degrees of partial melting (Upton and Emeleus, in press). Their 
temporal and spatial association remains a distinctive and yet enigmatic feature 
of the Gardar province.
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Geochemical or mineralogical similarities have been found between the 
Gardar ultramafites and UML (Chapter 2, 3 and 4), melilitites, nephelinites 
(Chapter 3 and 4), uncompahgrites and melteigites (Chapter 2 and 3). All these 
rock types have also been recorded from Kenya (Baker et al., 1972; Le Bas, 1977; 
Rock, in press) and it is to this province that the Gardar magmatism will be 
compared.
The Kenyan rift is a classical graben structure composed of an axial valley 
flanked by fault escarpments. Various aspects of the rift have been reviewed by 
Baker et al., (1972), Bailey, (1974), Le Bas, (1977), Baker et al., (1978) and Williams, 
(1982) and it is predominantly from these works that the summary below has 
been taken.
Rift development began with the regional doming of the basement rocks, 
together with early nephelinite-carbonatite volcanism in the west and 
contemporaneous floods of basalts in the north, the latter occupying a 
topographical depression which later formed part of the rift floor. Also, near the 
proto-rift, rather limited nephelinite activity gave rise to a few lava flows and 
dykes, but the activity appeared to be unrelated to any carbonatites (Le Bas, 
1977). Following extensive outpourings of phonolites, which originated from 
shield volcanoes and fissures along the regional dome, the region underwent 
fracturing, giving rise to the western escarpment and imparting a strong 
asymmetry to the rift. From this time onwards the composition of the magmas 
changed, becoming progressively less Si-saturated. Further rifting gave rise to 
the eastern escarpment and the present rift structure. Magmatism has hence 
been confined to the rift floor, with the development of a chain of volcanoes and 
trachytic flows, and to the east, where the magmatism is predominantly basaltic.
The absolute and relative volumes of magmas are clearly of importance in 
comparative studies. The melanephelinites which dominate ( — 80%) the early 
Kenyan volcanism constitute <1% when considered with the total of volcanic 
rocks associated with the rift (Le Bas, 1977). The Kenyan magmatism as a whole 
is dominated by basalts - mugearites (35%), nephelinites - basanites (30%), 
phonolites (22%) and trachytes - rhyolites (13%) (Williams, 1982). In this respect 
the magmatism resembles that of the Gardar period, which is dominated by 
basaltic - trachytic magmatism, with only a subordinate amount of 
Si-undersaturated lamprophyric and carbonatitic activity.
The occurrence of nephelinitic, lamprophyric and carbonatitic activity prior to 
the development of rifting did not only occur in Kenya, but also occurred prior 
to the opening of the Labrador Sea (Hansen, 1980) and contrasts with the 
persistent reoccurrence of ultramafic activity within the Gardar province. The
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TNU, for instance, occurred after the emplacement of the voluminous OGDC and 
YGDC dykes; the Kvanefjeld ultramafic lava (Larsen, 1977) occurred after an 
extensive period of basaltic magmatism and the UML and carbonatitic members 
of the Tugtutoq-llimaussaq dyke swarm were emplaced throughout the period of 
dyke emplacement.
In summary, the occurrence of UML temporally and spatially associated with 
carbonatites in an alkalic province, presumed to be a deeply dissected rift zone 
(Upton and Blundell, 1978), is in accordance with their typical occurrence and 
association (Rock, in press).
7.9 SUMMARY AND CONCLUSIONS.
1) Si-deficient (<40wt% SiO2) ultramafic rocks form a minor part of the igneous 
activity that occurred ~1200Ma in the Gardar province of S.W. Greenland.
2) A suite of ultramafic rocks that crop out in the vicinity of Narssaq (TNU) are 
unique not only within the Gardar province, but also on a global scale. They 
have been intruded into, or are closely associated with, the Younger Giant Dyke 
Complex (Upton and Thomas, 1980) and are characterised by a high oxidation 
ratio (Fe /Fe +Fe = 0.5 to 1). This aside, they have a general affinity with 
the "ultrapotassic series of extreme composition" (Carmichael et al., 1974), which 
includes kimberlites and carbonatites. The closest mineralogical and 
geochemical analogues of the TNU are believed to be the ultramafic 
lamprophyres (UML). The similarity is in keeping with the geographical setting 
of the Gardar ultramafites.
3) Geochemically the TNU are poor in SiO2 (-35wt%) and AI203 (-5wt%) and 
rich in TiO2 (-5wt%), Fe2O3t (-20wt%), MgO (~18wt%) and CaO (-12wt%). 
Compatible trace element contents are also high (Ni ~600ppm, Cr -550ppm and 
V —350ppm), which incompatible elements are distinctly enriched (e.g. Ba 
1300ppm). The unusual geochemical characteristics are reflected in the element 
ratios e.g. K/Rb -120 and Zr/Nb -3.5 to 4.5 are low, while La/Y -1.7, La/Yb 
-50 and Zr/Y >10 are high; all are distinct from the basaltic magmas of the 
district.
4) It is suggested that the TNU are primitive compositions, formed by either the 
1% partial melting of a 2 x chondrite source, or by a 5% partial melt of a 
LREE-enriched source, at a depth >80km. The residual mineralogy would be 
olivine (55%) + orthopyroxene (30%) + clinopyroxene (10%) + garnet (5%). 
However, both models fail to account for the enrichment in the ultramafites of 
Ti, Zr, Nb, Rb and Rb/Ba ratios. For this reason it is suggested that the source
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was enriched in ilmenite, phlogopite and, or, amphibole. The presence of other 
phases is also suspected (e.g. Cu-sulphides).
5) The TNU are unusual in that the local grain boundary contacts are often 
simple curviplanar, and apparent grain boundary intersections are close to 120°. 
Such textures are well-developed where the mineralogy is dominated by 
ferri-diopside, and consequently where the oxidation ratio is high. They have 
been attributed to grain boundary migration during a period of slow 
cooling/annealing and it is speculated that the slow cooling was brought about 
by the contemporaneous intrusion of the YGDC and the younger ultramafite. 
Such a suggestion is in keeping with the absence of "chill" contacts at the 
junction between the TNU and the YGDC.
6) A variety of mineral assemblages, mineral compositions and fine-scale 
heterogeneity are characteristic features of the TNU. Olivine phenocrysts 
(FO81-87) are dominant in the mineral assemblage of the Nugarmiut 
olivine-pyroxenites, while the olivines associated with the ferrian-pyroxenites 
(which have high oxidation ratios) are less common and are nearly pure 
forsterites.
Canary-yellow ferri-diopsides are the characteristic mineral of the 
ferrian-pyroxenites. The majority of pyroxenes have (Si+AI)<2p.f.u. and the 
presence of tetrahedrally coordinated Fe (even if (Si+AI)>2p.f.u.) is suggested 
and may contribute to their colour. The presence of ferri-diopside, by analogy 
with experimental work, suggests crystallisation from a Si, Al and Na-poor 
enviroment under a high ambient f02- The dominant "end members" in the 
pyroxenes are CaMgSi206, CaFe2SiOs, CaFeAISiOs and CaTiA^Os, with the 
CaFeSi206, CaFeSi2O6 and NaFeSi20s "end members" being relatively rare.
Micas are Ti-rich (<10wt% TiO2), Ba-rich (up to 13wt%) phlogopites, 
characterised by a (Si+AI)<8p.f.u., but with Al>2p.f.u.. The compositions are 
distinct from common micas, in being devoid of any eastonite or siderophyllite 
component. It is proposed that the dominant Ti-bearing substitution is: 2Mg = 
Ti + [], while the combined substitution scheme K + 3Mg + 3Si = Ba + 2Ti + 
3(6-Si) is proposed to account for the major Ti and Ba-bearing substitutions.
The abundant opaque minerals occur in distinct assemblages. The 
assemblage II + Mt dominates in the olivine-pyroxenites, while Mt (+Pv) 
dominates in the ferrian-pyroxenites. The assemblage ll-| + Mt + Pb (±ll2) is also 
locally developed, llmenites of the II + Mt associations are MgO-rich (~10wt%), 
as are the magnetites of the Mt (+Pv) assemblage (~10wt% MgO). 
Pseudobrookite contains ~30mole% of the Mg "end member" karooite. 
Crystallisation conditions range from ~-1100°C at an f02 of 10~ 8 for the
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near-solidus conditions of the olivine-pyroxenite, to close to the HM buffer and 
>600°C for the pseudobrookite assemblage.
Garnets range from andradite to schorlomite and are usually golden-brown 
and occasionally birefringent. Substitution of Ti (which may be as high as 
~20wt% Ti02) into andradite cannot be accounted for by the substitutions Fe 
+ Si = Ti + Fe or Fe + Si = Ti + Al alone. It is proposed that Ti substitutes for 
Si on the tetrahedral site and 2Fe = Mg + Ti may account for some Ti on the 
octahedral site.
A study of the perovskite chemistry reveals that Ce may be present in the 4 + 
state. This would be consistent with the high oxygen fugacity associated with 
the formation of the ferrian-pyroxenites. However, the Fe-poor nature of the 
perovskites indicates that low Fe contents cannot be used to indicate 
crystallisation conditions at a low f02-
Accessory phases include apatite, cuspidine, calcite, wollastonite and 
celestite. Their presence has been interpreted as reflecting enrichment in Ca, P, 
F, Cl, Ba and Sr towards the late stages of the cooling history of the 
ultramafites.
7) Experimental studies reveal that the TNU (as do many other Gardar 
ultramafites) have a high liquidus temperature (~1400°C) at atmospheric 
pressure and an extended interval of olivine crystallisation. Olivine is replaced 
by clinopyroxene as the liquidus phase at high pressure (~35kb). The 
experimental work is not believed to have constrained the genesis of the 
ultramafites, as the experimental conditions may be far removed from the 
natural melting and crystallisation conditions.
8) The characteristic feature of the TNU (i.e. the high Fe-oxidation state) was not 
acquired at depth. It is proposed that the ultramafite magma was 
volatile-enriched. Preferential loss of H2 through a semi-permeable membrane 
gave rise to high oxygen fugacities, which were accompanied by increasing 
volatile pressure (leading to brecciation and veining) during the progressive 
crystallisation of a dominantly anhydrous mineral assemblage. It is suggested 
that the contemporaneous intrusion of the ultramafite and the inferred 
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Fig.7.1 Oxide variation diagrams for the olivine-pyroxenites from 
Nugarmiut 3 (A) and Nugarmiut4 (A) and the ferrian-pyroxenites from 
NugarmiutS (O) and NUgarmiut4 (•). Vectors represent extraction of 
10% (solid line) olivine (OL), phlogopite (PH), ilmenite (IL), magnetite 
(MT), clinopyroxene (PX). Compositions for the extract calculation have 
been taken from the Nugarmiut 4 olivine-pyroxenite. Dashed line 
represents compositional changes during equilibrium crystallisation of 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The work presented here was carried out under the supervision of Brian 
Upton and Cliff Ford, during the tenure of a Natural Enviromental Research 
Council award. Logistical and financial support was also provided by the G.G.U. 
and the Geodetic Institute whose personnel, together with A Martin, made the 
field work season productive and enjoyable.
Technical and academic staff at the Grant Institute are acknowledged for 
their help throughout the period of research. In particular I am grateful to: The 
probe-unit; Pete Hill, Cameron Begg, Douglas Russell and Elizabeth Cairns for 
their instruction and superlative supervision concerning all aspects of 
microprobe analysis: The XRF-unit; Mike Saunders, Geoff Angell, Dodie James 
and Godfrey Fitton for assistance in whole-rock analysis: The XP-unit; Gordon 
Biggar and Cliff Ford for instruction in experimental techniques. I would also like 
to thank Diana Batty for the efficient production of photographs of high quality.
My identification of minerals and the interpretation of mineral textures has 
benefited from discussions with Douglas Russell, Bob Hunter, Roy Gill, Adrian 
Jones, Ben Harte, Tim Dempster and John Dixon. I appreciate their help.
It gives me great pleasure to thank Douglas Russell for his invaluable help, 
encouragement and advice during the period of study. I am equally grateful to 
Andy Walker for his unselfish devotion in writing the computer programmes 
used for most of the diagrams and tables presented in this thesis. Brian Upton, 
Roy Gill and Cliff Ford are thanked for their constructive, often stimulating 
criticisms of my work. I also thank them, together with Derek Armshaw and 
Douglas Russell, for proof reading this manuscript.
There is no doubt that this thesis would not have been completed if it was 
not for the perpetual encouragement, advice, criticism, typing and proof reading 
skills of Carolyn Hirst, and I dedicate this work to her.
Finally I wish to thank my colleagues (A Walker, T Dempster, D Russell, N 




ABBEY, S. 1977: Studies in "standard samples" for use in the general analysis of 
silicate rocks and minerals. Part 5: 7.977 edition of "usable" values. Geol. Surv. 
Canada, 34-77.
AKASAKA, M. & ONUMA, K. 1980: The join CaMgSi206-CaFeAISi06-CaTiAI 206 
and its bearing on the Ti-rich fassaitic pyroxenes. Contrib. Mineral. Petrol. 71, 
301-312.
AL1BERT, C., MICHARD, A & ALBAREDE, F. 1983: The transition from alkali basalts 
to kimberlites: isotope and trace element evidence from melilitites. Contrib. 
Mineral. Petrol. 82, 176-186.
ALLEN, V.T. & FAHEY, JJ. 1957: Some pyroxenes associated with 
pyrometasomatic zinc deposits in Mexico and New Mexico. Bull. geol. Soc. Am. 
68, 881-896.
AMTHAUER, G., ANNERSTEN, H. & HAFNER, S.S. 1977: The Mossbauer spectrum of 
5 Fe in titanium-bearing andradites. Phys. Chem. Miner. 1, 399-413.
ANDERSON, AT. & WRIGHT, T.L 1972: Phenocrysts and glass inclusions and their 
bearing on oxidation and mixing of basaltic magmas, Kilauea volcano, Hawaii. 
Am. Mineral. 57, 188-216.
ARCULUS, RJ. & DELANO, J.N. 1981: Intrinsic oxygen fugacity measurements: 
techniques and results for spinels from upper mantle peridotites and megacryst 
assemblages. Geochim. Cosmochim. Acta 45, 899-913.
ARCULUS, RJ. & WILLS, KJ.A. 1980: The petrology of plutonic blocks and 
inclusions from the Lesser Antilles island arc. J. Petrol. 21, 743-799.
ARIMA, M. & EDGAR, A.D. 1981: Substitution mechanisms and solubility of 
titanium in phlogopites from rocks of probable mantle origin. Contrib. Mineral. 
Petrol. 77, 288-295.
ARIMA, M. 81 EDGAR, A.D. 1983: High pressure experimental studies on a 
katungite and their bearing on the genesis of some potassium-rich magmas of 
the west branch of the African Rift. J. Petrol. 24, 166-187.
ARNDT, N.T. 1977: The separation of magmas from partially molten peridotite. 
Carnegie Inst. Washington Yearb. 76, 424-428.
AYRTON, S.N. 1963: A contribution to the geological observations in the region 
of Ivigtut, S;W. Greenland. Bull. Gronlands geol. Unders. 37 (also Medd. 
Gronlands 167, 3), 139pp.
254
BACHINSKl, S.W. & SIMPSON, E.L 1984: Ti-phlogopites of the Shaw's Cove 
minette: a comparison with micas of other lamprophyres, potassic rocks, 
kimberlites, and mantle xenoliths. Am. Mineral. 69, 41-56.
BAILEY, O.K. 1974: Continental rifting and alkaline magmatism. In Sorensen, H. 
(ed.): The Alkaline Rocks. J. Wiley & Sons, New York, 148-159.
BAILEY, O.K. 1982: Mantle metasomatism - continuing chemical change within 
the Earth. Nature 296, 525-530.
BAKER, B.H., CROSSLEY, R. 8c GOLES, G.G. 1978: Tectonic and magmatic evolution 
of the southern part of the Kenya rift valley. In Neumann, E.R. & Ramberg, I.B. 
(eds.): Petrology and Geochemistry of Continental Rifts. D. Reidel Publishing 
Company, 29-50.
BAKER, B.H., MOHR, P.A. & WILLIAMS, LA.J. 1972: Geology of the Eastern rift 
system of Africa. Geol. Soc. Am. Special Paper 136, 67pp.
BARTH, T.F.W. 1931: Pyroxen von Hiva Oa, Marquesas-inseln und die Formel 
titanhaltiger Augite. Neus. Jahrb. Min. Abh. A. 64, 217-224.
BARTON, M. 1979: A comparative study of some minerals occurring in the 
potassium-rich alkaline rocks of the Leucite Hills, Wyoming, the Vico Volcano, 
Western Italy, and the Toro-Ankole Region, Uganda. Neus. Jahrb. Min. Abh. 
137, 113-134. *
BASALTIC VOLCANISM STUDY PROJECT 1981: In Basaltic Volcanism on the 
Terrestrial Planets. Pergamon Press Inc. New York, 1286pp.




field determinations of Fe . Carnegie Inst. Washington
BENDER, J.F., HODGES, F.N. & BENCE, A.E. 1978: Petrogenesis of basalts from the 
Project FAMOUS area: experimental study from 0 to 15 kbars. Earth Planet. Sci. 
Lett. 41, 277-302.
BERTHELSEN, A. & HENRIKSEN, N. 1975: Geological map of Greenland 1:100000. 
Ivigtut 61 V.1 Syd. The erogenic and cratonic geology of a Precambrian shield 
area. Gronland geol. Unders. (also Medd. Gronlands 186, 1), 169pp.
BESWICK, A.E. & CARMICHAEL, I.S.E. 1978: Constraints on mantle source 
compositions imposed by phosphorus and the rare-earth elements. Contrib. 
Mineral. Petrol. 67, 317-330.
BICKLE, MJ. 1978: Magnesiowustite as 62 calibrant in solid media experiments. 
Progress in Experimental Petrology 4, 122-124. NERC Series D. No. 11.
255
BIGGAR, G.M. 1974: Phase equilibrium studies of the chilled margins of some 
layered intrusions. Contrib. Mineral. Petrol. 46, 159-167.
BIGGAR, G.M. & O'HARA, MJ. 1969: Temperature control and calibration in 
quench furnaces and some new temperature measurements in the system CaO - 
MgO - Al2<D3 - SiO2- Mineralog. Mag. 37, 1-15.
BLAXLAND, A.B. 1976: Geochronology and isotope geochemistry of the Gardar 
Alkaline complexes, south Greenland. Unpublished Ph.D. thesis, University of 
Edinburgh.
BLAXLAND, A.B. & PARSONS, I. 1975: Age and origin of the Klokken 
gabbro-syenite intrusion, south Greenland: Rb-Sr study. Bull. geol. Soc. 
Denmark 24, 27-32.
BLAXLAND, A.B., VAN BREEMAN, O., EMELEUS, C.H. & ANDERSON, J.G. 1978: Age
and origin of the major syenite centers in the Gardar province of south 
Greenland: Rb-Sr studies. Bull geol. Soc. Am. 89, 231-244.
BL UN DELL, DJ. 1978: A gravity survey across the Gardar Igneous Province, S.W. 
Greenland. J. Geol. Soc. Lond. 135, 545-554.
BOCTOR, N.Z. & YODER, H.S. 1980: Distribution of rare earth elements in 
perovskite from Oka carbonatite, Quebec. Carnegie Inst. Washington Yearb. 79, 
304-307.
BOETTCHER, A.L, MYSEN, B.O. & MODRESKI, P.J. 1975: Melting in the mantle: 
phase relationships in natural and synthetic peridotite-H20 and 
peridotite-H20-C02 with application to kimberlite. Phys. Chem. Earth 9, 
855-867.
BOHLEN, S.R., PEACOR, D.R. & ESSENE, EJ. 1980: Crystal chemistry of a 
metamorphic biotite and its significance in water barometry. Am. Mineral. 65, 
55-62.
BOIVIN, P., KORNPROBST, J., VIELZEUF, D. & BLANC, Y. 1981: Restricted use of 
molybdenum-containers at high-temperature in a nitrogen medium. Progress in 
Experimental Petrology 5, 108-109, NERC Series D, No. 18.
BOWLES, J.F.W. 1976: Distinct cooling histories of troctolites from the Freetown 
layered gabbro. Mineralog. Mag. 40, 703-714.
BOYD, F.R. & ENGLAND, J.L 1963: Effect of pressure on the melting of diopside, 
CaMgSi2O6, and albite, NaAISisOs, in the range up to 50 kilobars. J. geophys. 
Res. 68, 311-323.
256
BOYD, F.R., ENGLAND, J.L & DAVIS, B.T.C. 1964: Effects of pressure on the 
melting and polymorphism of enstatite, MgSi03- J. geophys. Res. 69, 
2101-2109.
BREY, G. & GREEN, D.H. 1975: The role of CC>2 in the genesis of olivine melilitite. 
Contrib. Mineral. Petrol. 49, 93-103.
BREY, G. & GREEN, D.H. 1977: Systematic study of liquidus phase relations in 
olivine melilitite + H20 + C02 at high pressures and petrogenesis of an olivine 
melilitite magma. Contrib. Mineral. Petrol. 61 141-162.
BRIDGWATER, D. 1967: Feldspathic inclusions in the Gardar igneous rocks of 
south Greenland and their relevance to the formation of major anorthosites in 
the Canadian Shield. Can. J. Earth Sci. 4, 995-1014.
BUDDINGTON, A.F. & LINDSLEY, D.H. 1964: Iron-titanium oxide minerals and 
synthetic equivalents. J. Petrol. 5, 310-357.
BULTITUDE, R.J. & GREEN, D.H. 1971: Experimental study of crystal-liquid 
relationships at high pressures in olivine nephelinite and basanite compositions. 
J. Petrol. 12, 121-147.
CAMERON, M. & PAPIKE, J.J. 1981: Structural and chemical variations in 
pyroxenes. Am. Mineral. 66, 1-50.
CAMPBELL, I.H. & GORTON, M.P. 1980: Accessory phases and the generation of 
LREE-enriched basalts - a test for disequilibrium melting. Contrib. Mineral. 
Petrol. 72, 157-163.
CARMICHAEL, I.S.E. 1967a: The iron-titanium oxides of salic volcanic rocks and 
their associated ferromagnesian silicates. Contrib. Mineral. Petrol. 14, 36-64.
CARMICHAEL, I.S.E. 1967b: The mineralogy and petrology of the volcanic rocks 
from the Leu cite Hills, Wyoming. Contrib. Mineral. Petrol. 15, 24-66.
CARMICHAEL, I.S.E. & NICHOLLS, J. 1967: Iron-titanium oxides and oxygen 
fugacities in volcanic rocks. J. geophys. Res. 72, 4665-4687.
CARMICHAEL, I.S.E., TURNER, FJ. & VERHOOGEN, J. 1974: Igneous Petrology 
McGraw-Hill, New York. 739pp.
CAWTHORN, R.G. & COLLERSON, K.D. 1974: The recalculation of pyroxene 
end-member parameters and the estimation of ferrous and ferric iron content 
from electron microprobe analyses. Am. Mineral. 59, 1203-1208.
CHAPMAN, N.A. & FREESTONE, I.C. 1978: Phase relations and partitioning of Fe, 
Mg and Ca between olivine-liquid in picrite from 1 bar to 10 kbar. Progress in 
Experimental Petrology 4, 255-257, NERC Series D. No. 11.
257
CLAGUE, DA & FREY, FA 1982: Petrology and trace element geochemistry of 
the Honolulu Volcanics, Oahu: implications for the oceanic mantle below Hawaii. 
J. Petrol. 23, 447-504.
CLARICE, D.B. & O'HARA, MJ. 1979: Nickel, and the existence of high-MgO liquids 
in nature. Earth Planet. Set. Lett. 44, 153-158.
CLEMENT, C.R., GURNEY, J.J. & SKINNER, E.M.W. 1975: Monticellite - an abundant 
groundmass mineral in some kimberlites. Kimberlite Symposium, Cambridge, 
Extended Abstracts, 71-73.
CORRIGAN, G.M. 1982: Supercooling and the crystallization of plagioclase, olivine 
and clinopyroxene from basaltic magmas. Mineralog. Mag. 46, 31-42.
CORRIGAN, G. & GIBB, F.G.F. 1979: The loss of Fe and Na from a basaltic melt 
during experiments using the wire-loop method. Mineralog. Mag. 43, 121-126.
COX, K.G., HAWKESWORTH, C.J., O'NIONS, R.K. & APPLETON, J.D. 1976: Isotopic 
evidence for the derivation of some Roman region volcanics from an 
anomalously enriched mantle. Contrib. Mineral. Petrol. 56, 173-180.
CULLERS, R.L, MULLENAX, J., DIMARCO, MJ. & NORDENG, S. 1982: The trace 
element content and petrogenesis of kimberlites in Riley County, Kansas, U.S.A. 
Am. Mineral. 67, 223-233.
DAWSON, J.B. 1967: Geochemistry and origin of kimberlite. In Wyllie, P.J. (ed.): 
Ultra mafic and related rocks. J. Wiley & Sons, New York, 269-278.
DAWSON, J.B. 1972: Kimberlites and their relation to the mantle. Phil. Trans. R. 
Soc. Lond. A. 271, 297-311.
DAWSON, J.B. 1980: Kimberlites and their xenoliths. Springer-Verlag, New York. 
252pp.
DAWSON, J.B. & HAWTHORNE, J.B. 1973: Magmatic sedimentation and 
carbonatitic differentiation in kimberlite sills at Benfontein, South Africa. J. 
Geol. Soc. Lond. 129, 61-85.
DAWSON, J.B. & SMITH, J.V. 1977: The MARID (mica- amphibole- rutile- 
ilmenite- diopside) suite of xenoliths in kimberlite. Geochim. Cosmochim. Acta. 
41, 309-323.
DEANS, T. & ROBERTS, B. 1984: Carbonatite tuffs and lava clasts of the Tinderet 
foothills, western Kenya: a study of calcified natrocarbonatites. J. Geol. Soc. 
Lond. 141, 563-580.
253
DEER, W.A., HOWIE, R.A. & ZUSSMAN, J. 1965: Rock-forming minerals, Vol.1, 
Ortho- and Ring Silicates. Longmans, Green and Co. Ltd, London. 333pp.
DEER, W.A., HOWIE, R.A. & ZUSSMAN, J. 1978: Rock-forming minerals, Vol. 2A, 
Single-chain silicates. Wiley, New York. 668pp.
DEER, W.A., HOWIE, R.A. & ZUSSMAN, J. 1982: Rock-forming minerals, Vol. 1A, 
Orthosilicates. Longmans group Ltd, New York.
DE1NES, P., NAFZIGER, R.H., ULMER, G.C. & WOERMANN, E. 1974:
Temperature-oxygen fugacity tables for selected gas mixtures in the system 
C-H-0 at one atmosphere total pressure. Penn. State Univ. Coll. Mineral. Sci. 
88, 129pp.
•
DE FIERI, R. 1980: The structural role of Fe 3+ in biotites from the Euganean Hills, 
Italy. Mineralog. Mag. 43, 985-988.
DONALDSON, C.H. 1979: An experimental investigation of the delay in nucleation 
of olivine in mafic magmas. Contrib. Mineral. Petrol. 69, 21-32.
DONALDSON, C.H., USSELMAN, T.M., WILLIAMS, RJ. & LOFGREN, G.E. 1975a:
Experimental modelling of the cooling history of Apollo 12 olivine basalts. Proc. 
Lunar Sci. Conf. 6th, 843-869.
DONALDSON, C.H., WILLIAMS, R.J. & LOFGREN, G. 1975b: A sample holding 
technique for study of crystal growth in silicate melts. Am. Mineral. 60, 
324-326.
DOWNES, H. 1984: Sr and Nd isotope geochemistry of coexisting alkaline magma 
series, Cantal, Massif Central, France. Earth Planet. Sci. Lett. 69, 321-334.
DOWTY, E. & CLARK, J.R. 1973: Crystal structure refinement and optical 
properties of a Tr* fassaite from the Allende meteorite. Am. Mineral. 58, 
230-242.
EBY, G.N. 1975: Abundance and distribution of the rare-earth elements and 
yttrium in the rocks and minerals of the Oka carbonatite complex, Quebec. 
Geochim. Cosmochim. Acta. 39, 597-620.
EDGAR, A.D. & ARIMA, M. 1983: Conditions of phlogopite crystallisation in 
ultrapotassic volcanic rocks. Mineralog. Mag. 47, 11-19.
EDGAR, A.D., CONDLIFFE, E., BARNETT, R.L & SHIRRAN, RJ. 1980: An experimental 
study of an olivine ugandite magma and mechanisms for the formation of its 
K-enriched derivatives. J. Petrol. 21, 475-497.
259
EDGAR, A.D., GREEN, D.H. & HIBBERSON, W.O. 1976: Experimental petrology of a 
highly potassic magma. J. Petrol. 17, 339-356.
EGGLER, D.H. 1978: The effect of C02 upon partial melting of peridotite in the 
system Na20-CaO-Al2O3-MgO-SiO2-C02 to 35kb, with an analysis of melting in 
a peridotite-H20-C02 system. Am. J. Sci. 278, 305-343.
EGGLER, D.H. & BURNHAM, C.W. 1973: Crystallization and fractionation trends in 
the system andesite-H20-C02-02 at pressures to 10kb. Bull. geol. Soc. Am. 
84, 2517-2532.
ELSDON, R. 1982: Autometasomatic alteration of gabbro, Kap Edvard Holm 
intrusive complex, East Greenland. Mineralog. Mag. 45, 219-225.
EMELEUS, C.H. 1964: The Gronnedal-lka alkaline complex, south Greenland - the 
structure and geological history of the complex. Bull. Gronslands geol. Unders. 
45 (also Medd. Gronlands 172,3), 75pp.
EMELEUS, C.H & UPTON, B.G.J. 1974: The Gardar period in southern Greenland. 
In Escher, A. & Watt, W.S. (eds.): The Geology of Greenland. Copenhagen: 
Gronlands geol. Unders, 152-181.
ERLANK, A.J., SMITH, H.S., MARCHANT, J.W., CARDOSO, M.P. & AHRENS, LH. 1978:
Zirconium. In Handbook of Geochemistry Vol. 11-5. Springer-Verlag, Berlin.
EUGSTER, H.P. & WONES, D.R. 1962: Stability relations of the ferruginous biotite, 
annite. J. Petrol. 3, 82-125.
EXLEY, R.A. & SMITH, J.V. 1982: The role of apatite in mantle enrichment 
processes and in the petrogenesis of some alkali basalt suites. Geochim. 
Cosmochim. Act a 46, 1375-1384.
FARMER, G.L & BOETTCHER, A.L 1981: Petrologic and crystal-chemical 
significance of some deep-seated phlogopites. Am. Mineral. 66, 1154-1163.
FAURE, G. 1977: Principles of Isotope Geology. J. Wiley & Sons, New York. 
464pp.
FAYE, G.M. & HOGARTH, D.D. 1969: On the origin of "reverse" pleochroism of a 
phlogopite. Can. Mineral. 10, 25-34.
FESa H.W., KABLE, E.J.D. & GURNEY, JJ. 1975: Aspects of the geochemistry of 
kimberlites from the Premier Mine and other South African occurrences. Phys. 
Chem. Earth 9, 687-707.
FINGER, LW. 1972: The uncertainty in the calculated ferric iron content of a 
micro pro be analysis. Carnegie Inst. Washington Yearb. 71, 600-603.
260
FITTON, J.G. & GILL. R.C.O 1970: The oxidation of ferrous iron during mechanical 
grinding. Geochim. Cosmochim. Act a 34, 518-524.
FLOWER, M.F.J. 1974: Phase relations of titan-acmite in the system
at 1000 bars total water pressure. Am. Mineral. 59, 536-548.
FORBES, W.C. 1972: An interpretation of the hydroxyl contents of biotites and 
muscovites. Mineralog. Mag. 38, 712-720,
FORBES, W.C. & FLOWER, M.FJ. 1974: Phase relations of titan-phlogopite, 
K2Mg4~riAl2Si6O2o(OH)4: A refractory phase in the upper mantle. Earth Planet. 
Sci. Lett 22, 60-66.
FORD, C.E. & RUSSELL, D.G. 1981: Theoretical and experimental studies of 
magmatic evolution. Progress in Experimental Petrology 5, 1 16-119, NERC Series 
D. No. 18.
FORD, C.E., RUSSELL, D.G., CRAVEN, J.A. & FISK, M.R. 1983: Olivine-liquid
equilibria: temperature, pressure and composition dependence of the
?+ crystal/liquid cation partition coefficients for Mg, Fe , Ca and Mn. J. Petrol. 24,
256-265.
FOSTER, M.D. 1964: Water content of micas and chlorites. U.S. Geol. Surv. 
Prof. Pap. 474-F.
FRENCH, WJ. & CAMERON, E.P. 1981: Calculation of the temperature of 
crystallization of silicates from basaltic melts. Mineralog. Mag. 44, 19-26.
FREY, F.A. & GREEN, D.H. 1974: The mineralogy, geochemistry and origin of 
Iherzolite inclusions in Victorian basanites. Geochim. Cosmochim. Acta 38, 
1023-1059.
FREY, FA., GREEN, D.H. & ROY, S.D. 1978: Integrated models of basalt 
petrogenesis: a study of quartz tholeiites to olivine melilitites from south eastern 
Australia utilizing geochemical and experimental petrological data. J. Petrol. 19, 
463-513.
FRONDEL, C. & ITO, J. 1967: Barium-rich phlogopite from Langban, Sweden. Ark. 
Mineral. Geol. 4, 445-447.
GAMBLE, R.P. & TAYLOR, LA. 1980: Crystal/liquid partitioning in augite: effects of 
cooling rate. Earth Planet. Sci. Lett. 47, 21-33.
CASPAR, J.C. & WYLLIE, P.J. 1982: Barium phlogopite from the Jacupiranga 
carbonatite, Brazil. Am. Mineral. 67, 997-1000.
261
CASPAR, J.C. & WYLLIE, PJ. 1983: llmenite (high Mg, Mn, Nb) in the carbonatites 
from the Jacupiranga Complex, Brazil. Am. Mineral. 68, 960-971.
GERLACH, T.M. & NORDLIE, B.E. 1975a: The C-O-H-S gaseous system, Part I: 
Composition limits and trends in basaltic cases. Am. J. Sci. 275, 353-376.
GERLACH, T.M. & NORDLIE, B.E. 19755: The C-O-H-S gaseous system, Part II: 
Temperature, atomic composition, and molecular equilibria in volcanic gases. 
Am. J. Sci. 275, 377-394.
GERLACH, T.M. & NORDLIE, B.E. 1975c: The C-O-H-S gaseous system, Part III: 
Magmatic gases compatible with oxides and sulfides in basaltic magmas. Am. 
J. Sci. 275, 395-410.
GHOSE, S., WAN, C., OKAMURA, P.P., OHASHI, H. & WEIDNER, J.R. 1975: Site 
preference and crystal chemistry of transition metal ions in pyroxenes and 
olivines. Acta Crystallogr. Sect. A. 31, 76.
GRAHAM, A.M. & SAUNDERS, M.J. 1978: A rapid wet-chemical method for the 
determination of total iron content of experimental charges. Progress in 
Experimental Petrology 4, 124-125, NERC Series D. No. 11.
GREEN, D.H. 1976: Experimental testing of "equilibrium" partial melting of 
peridotite under water-saturated, high-pressure conditions. Can. Mineral. 14, 
225-268.
GREEN, D.H. & SOBOLEV, N.V. 1975: Coexisting garnets and ilmenites synthesized 
at high pressures from pyrolite and olivine basanite and their significance for 
kimberlitic assemblages. Contrib. Mineral. Petrol. 50, 217-229.
GREEN, T.H. 1981: Experimental evidence for the role of accessory phases in 
magma genesis. J. Volcanol. Geotherm. Res. 10, 405-422.
GREEN, T.H. & WATSON, E.B. 1982: Crystallization of apatite in natural magmas 
under high pressure, hydrous conditions, with particular reference to "orogenic" 
rock series. Contrib. Mineral. Petrol. 79, 96-105.
GRIFFIN, W.L & TAYLOR, P.N. 1975: The Fen damkjernite: petrology of a 'central 
complex kimberlite'. Phys. Chem. Earth 9, 163-177.
GUPTA, A.K., ONUMA, K., YAGI, K. & LIDIAK, E.G. 1973: Effect of silica 
concentration on the diopsidic pyroxenes in the system diopside - CaTiA^Os- 
Si02- Contrib. Mineral. Petrol. 41, 333-344.
GUSTAFSON, W.I. 1974: The stability of andradite, hedenbergite and related 
minerals in the system Ca-Fe-Si-O-H. J. Petrol. 15, 455-496.
262
HAGGERTY, S.E. 1976a: Oxidation of opaque mineral oxides in basalts. In Rumble 
III, D. (ed.): Oxide minerals (short course notes). Min. Soc. Amer. 3. Hg 1-100.
HAGGERTY, S.E. 1976b: Opaque mineral oxides in terrestrial igneous rocks. In 
Rumble III, D. (ed.): Oxide minerals (short course notes). Min. Soc. Amer. 3, Hg 
101-300.
HAGGERTY, S.E. & BAKER, I. 1967: The alteration of olivine in basaltic and 
associated lavas. Part 1: High temperature alteration. Contrib. Mineral. Petrol. 
16, 233-257.
HAGGERTY, S.E. & LINDSLEY, D.H. 1970: Stability of pseudobrookite 
(Fe2TiO5)-ferropseudobrookite (FeTi2O5) series. Carnegie Inst. Washington 
Yearb. 68, 247.
HAMILTON, D.L & ANDERSON, G.M. 1967: Effects of water and oxygen pressures 
on the crystallization of basaltic magmas. In Hess, H.H. & Poldervaart, A (eds.): 
Basalts. Interscience Pub. Vol. 1, 445-482.
HANSEN, K. 1980: Lamprophyres and carbonatitic lamprophyres related to rifting 
in the Labrador Sea. Lithos 13, 145-152.
HARIYA, Y. & KIMURA, M. 1978: Optical anomaly garnet and its stability field at 
high pressures and temperatures. Jour. Fac. Sci. Hokkaido Univ. Ser. IV, 18, 
611-624.
HART, S.R. & DAVIS, K.E. 1978: Nickel partitioning between olivine and silicate 
melt. Earth Planet. Sci. Lett. 40, 203-219.
HARTE, B., COX, K.G. & GURNEY, J.J. 1975: Petrography and geological history of 
upper mantle xenoliths from the Matsoku kimberlite pipe. Phys. Chem. Earth 9, 
477-506.
HAUGHTON, D.R., ROEDER, P.L & SKINNER, BJ. 1974: Solubility of Sulfur in Mafic 
Magmas. EC on. Geol. 69, 451-467.
HEINRICH, K.F.J. 1966: X-ray absorption uncertainty. In McKinley, T.D., Heinhch, 
K.F.J. & Wittry, D.B. (eds.): The electron microprobe. Wiley, London: 296-377.
HIJIKATA, K, & ONUMA, K. 1969: Phase equilibria of the system 
CaMgSi2O6-CaFe3 "l"AISiO6 in air. J. Japan. Assoc. Min. Petr. Econ. Geol. 62, 
209-217.
HILL, R. & ROEDER, P. 1974: The crystallization of spinel from a basaltic liquid as 
a function of oxygen fugacity. J. Geol. 82, 709-729.
263
HOLLISTER, LS. & GANCARZ, A.J. 1971: Compositional sector-zoning in 
clinopyroxene from the Narce area, Italy. Am. Mineral. 56, 959-979.
HOWELLS, S. 1976: Experiments on eclogites and peridotites relevant to magma 
generation and temperature distribution in the upper mantle. Unpublished Ph.D. 
thesis, University of Edinburgh.
HSU, LC. 1980: Hydration and phase relations of grossular-spessartine garnet at 
P H20 = 2kb - Contrib. Mineral. Petrol. 71, 407-415.
HUCKENHOLZ, H.G. 1969a: Oxidation of Ca-rich clinopyroxene. Carnegie Inst 
Washington Yearb. 67, 94-96.
HUCKENHOLZ. H.G. 1969b: Synthesis and stability of Ti-Andradite. Am. J. Sci. 
(Schairer volume) 267-A, 209-232.
HUCKENHOLZ. H., HOLZL, E., HUGGINS, F.E. & VIRGO. D. 1976: A reconnaissance 
study of the Ti-garnet stability field at defined oxygen fugacities. Carnegie Inst 
Washington Yearb. 75, 711-720.
HUCKENHOLZ H.G., SCHAIRER, J.F. & YODER, H.S. 1969: Synthesis and stability of 
ferri-diopside. In Pyroxenes and amphiboles: Crystal chemistry and phase 
petrology. Min. Soc. Am. Spec. Paper 2, 163-177.
HUGGINS, F.E., VIRGO, D. & HUCKENHOLZ, H.G. 1977a: Titanium-containing 
silicate garnets. I. The distribution of Al, Fe 
tetrahedral sites. Am. Mineral. 62, 475-490.
and Ti between octahedral and
HUGGINS, F.E., VIRGO, D. & HUCKENHOLZ, H.G. 1977b: Titanium-containing 
silicate garnets. II. The crystal chemistry of melanites and schorlomites. Am. 
Mineral. 62, 646-665.
HUMPHRIES, DJ. 1975: Phase equilibrium studies of some basalt-like 
compositions in the system CaO-MgO-Al203~Si02-Na2O-Fe-O2. Unpublished 
Ph.D. thesis, University of Edinburgh.
HUMPHRIES, D. & BIGGAR, G. 1976: Melting of anorthite-wollastonite-gehlenite 
as a calibration point. Progress in Experimental Petrology 3, 130-131, NERC 
Series D. No. 6.
HYNES, A. 1980: Carbonization and mobility of Ti, Y, and Zr in Ascot Formation 
metabasalts, S E Quebec. Contrib. Mineral. Petrol. 75, 79-87.
IRVING, A.J. 1978: A review of experimental studies of crystal/liquid trace 
element partitioning. Geochim. Cosmochim. Acta 42, 743-770.
264
JANSE, AJ.A. 1975: Kimberlite and related rocks from the Nama Plateau of 
South-West Africa. Phys. Chem. Earth 9, 81-94.
JAQUES, A.L & GREEN, D.H. 1979: Determination of liquid compositions in 
high-pressure melting of peridotite. Am. Mjneral. 64, 1312-1321.
JAQUES, A.L & GREEN, D.H. 1980: Anhydrous melting of peridotite at 0-15kb 
pressure and the genesis of tholeiitic basalts. Contrib. Mineral. Petrol. 73, 
287-310.
JAQUES, A.L, LEWIS, J.D., SMITH, C.B., GREGORY, G.P., FERGUSON, J. f CHAPPELL, 
B.W. & McCULLOCH, M.T. 1984: The diamond-bearing ultrapotassic (lamproitic) 
rocks of the west Kimberley region, western Australia. In Kornprobst J. fed.}: 
Kimberlites and related rocks. Elsevier, 225-283.
JOHNSTON, A.D. & STOUT, J.H. 1984a: Development of orthopyroxene-Fe/Mg 
ferrite symplectites by continuous olivine oxidation. Contrib. Mineral. Petrol. 
88, 196-202.
JOHNSTON, A.D. & STOUT, J.H. 1984b: A highly oxidised ferrian 
salite-kennedyite-forsterite and rhonite-bearing alkali gabbro from Kauai, Hawaii 
and its mantle xenoliths. Am. Mineral. 69, 57-68.
JOHNSTON, A.D., STOUT, J.H. & RAMA MURTHY, V. 1985: Geochemistry and 
origin of some unusually oxidised rocks from Kauai, Hawaii. J. Volcanol. 
Geotherm. Res. 25, 225-248.
JONES, A.P. 1980: The petrology and structure of the Motzfeldt Centre, Igaliko, 
South Greenland. Unpublished Ph.D. thesis, University of Durham.
JONES, A.P. & WYLLIE, P.J. 1984: Minor elements in perovskite from kimberlites 
and distribution of the rare earth elements: an electron probe study. Earth 
Planet. Sci. Lett. 69, 128-140.
KAY, R. & CAST, P.W. 1973: The rare earth content and origin of alkali-rich 
basalts. J. Geol. 81 653-682.
KESSON, S.E. 1973: The primary geochemistry of the Monaro alkaline volcanics, 
southeastern Australia - evidence for upper mantle heterogeneity. Contrib. 
Mineral. Petrol. 42, 93-108.
KILINC, A., CARMICHAEL, I.S.E., RIVERS, M.L & SACK, R.O. 1983: The ferric-ferrous 
ratio of natural silicate liquids equilibrated in air. Contrib. Mineral. Petrol. 83, 
136-140.
KIMURA, S. & MUAN, A. 1971a: Phase relations in the system CaO-iron 
oxide-titanium oxide in air. Am. Mineral. 56, 1332-1346.
265
K1MURA, S. & MUAN, A. 1971b: Phase relations in the system CaO-iron 
oxide-TiO2 under strongly reducing conditions. Am. Mineral. 56, 1347-1358.
KLERKX, J.r DEUTSCH, S. & De PAEPE, P. 1974: Rubidium, strontium content and 
strontium isotopic composition of strongly alkalic basaltic rocks from the Cape 
Verde Islands. Contrib. Mineral. Petrol. 45, 107-118.
KRETZ, R. 1966: Interpretation of the shape of mineral grains in metamorphic 
rocks. J. Petrol. 7, 68-94.
KUSHIRO, I. 1960: Si - Al relation in clinopyroxene from igneous rocks. Am. J. 
Sci. 258, 548-554.
KUSHIRO, I. 1964: The join akermanite-soda melilite at 20 kilobars. Carnegie Inst. 
Washington Yearb. 63, 90-92.
LARSEN, J.G. 1977: Petrology of the late lavas of the Eriksfjord Formation, Gardar 
Province, South Greenland. Bull. Gronlands geol. Unders. 125, 31pp.
Le BAS, MJ. 1977: Carbonatite - Nephelinite volcanism. John Wiley & Sons, Ltd. 
London. 347pp.
LEBLANC, M., DAUTRIA, J.-M. & GIROD, M. 1982: Magnesian-ilmenite xenoliths in 
a basanite from Tahalra, Ahaggar (Southern Algeria). Contrib. Mineral. Petrol. 
79, 347-354.
LESSING, P. & STANDISH, R.P. 1973: Zoned garnet from Crested Butte, Colorado. 
Am. Mineral. 58, 840-842.
LINDSLEY, D.H., KESSON, S.E., HARTZMAN, MJ. & CUSHMAN, M.K. 1974: The
stability of armalcolite: experimental studies in the system MgO-Fe-Ti-0. Proc. 
Lunar Sci. Conf. 5th, 521-534.
LIOU, J.G. 1973: Synthesis and stability relations of epidote, Ca2Al2FeSi30-|2(0 H )- 
J. Petrol. 14, 381-413.
LLOYD, F.E. 1985: Experimental melting and crystallisation of glassy olivine 
melilitites. Contrib. Mineral. Petrol. 90, 236-243.
LONGHI, J.. WALKER, D. & HAYS, J.F. 1978: The distribution of Fe and Mg 
between olivine and lunar basaltic liquids. Ceochim. Cosmochim. Acta 42, 
1545-1558.
MAALOE, S. & JAKOBSSON, S.P. 1980: The PT phase relations of a primary 
oceanite from the Reykjanes peninsula, Iceland. Lithos 13, 237-246.
266
MANSKER, W.L, EWING, R.C. & KEIL, 1C 1979: Barian-titanian biotites in 
nephelinites from Oahu, Hawaii. Am. Mineral. 64, 156-159.
MARTIN, A.R. 1985: The evolution of the Tugtutoq-llimaussaq dyke swarm, S.W. 
Greenland. Unpublished Ph.D. thesis, University of Edinburgh.
MATHISON, C.I. 1975: Magnetites and ilmenites in the Somerset Dam layered 
basic intrusion, southeastern Queensland. Lithos 8, 93-111.
McBIRNEY, A.R. 1979: Effects of assimilation. In Yoder, H.S. (Ed.): The Evolution 
of the Igneous Rocks: Fiftieth Anniversary Perspectives. Princeton University 
Press, 307-338.
McCALLUM, I.S. & CHARETTE, M.P. 1978: Zr and Nb partition coefficients: 
implications for the genesis of mare basalts, KREEP and sea floor basalts. 
Geochim. Cosmochim. A eta 42, 859-869.
McKENZIE, D. 1984: The generation and compaction of partially molten rock. J. 
Petrol. 25, 713-765.
MEAGHER, E.P. 1981: Silicate garnets. In Ribbe, P.M. (Ed.): Orthosilicates (short 
course notes). Min. Soc. Am. 5, 25-66.
MERTES, H. & SCHMINCKE, H.-U. 1985: Mafic potassic lavas of the Quaternary 
west Eifel volcanic field. I. Major and trace elements. Contrib. Mineral. Petrol. 
89, 330-345.
MITCHELL, R.H. 1972: Composition of perovskite in kimberlite. Am. Mineral. 57, 
1748-1753.
MITCHELL, R.H. 1978a: Manganoan magnesian ilmenite and titanian clinohumite 
from the Jacupiranga carbonatite, Sao Paolo, Brazil. Am. Mineral: 63, 544-547.
MITCHELL, R.H. 19785: Mineralogy of the Elwin Bay kimberlite, Somerset Island, 
N.W.T., Canada. Am. Mineral. 63, 47-57.
MITCHELL, R.H. 1979: The alleged kimberlite-carbonatite relationship: additional 
contrary mineralogical evidence. Am. J. Sci. 279, 570-589.
MITCHELL, R.H. 1981: Titaniferous phlogopites from the leucite lamproites of the 
West Kimberley area, Western Australia. Contrib. Mineral. Petrol. 76, 243-251.
MITCHELL, R.H. & BELL, K. 1976: Rare earth element geochemistry of potassic 
lavas from the Birunga and Toro-Ankole regions of Uganda, Africa. Contrib. 
Mineral. Petrol. 58, 293-303.
267
MITCHELL, R.H. & BRUNFELT, A.O. 1975: Rare earth element geochemistry of 
kimberlite. In Phys. Chem. Earth 9, 671-686.
MO, X, CARMICHAEU I.S.E., RIVERS, M. & STEBBINS, J. 1982: The partial molar 
volume of Fe203 in multicomponent silicate liquids and the pressure 
dependence of oxygen fugacity in magmas. Mineralog. Mag. 45, 237-245.
MOLLER, P., MORTEANI, G. & SCHLEY, F. 1980: Discussion of REE distribution 
patterns of carbonatites and alkalic rocks. Lithos 13, 171-179.
MOORE, A.E. 1983: A note on the occurrence of melilite in kimberlites and olivine 
melilitites. Mineralog. Mag. 47, 404-406.
MORI, T. 1978: Experimental study of pyroxene equilibria in the system 
CaO-MgO-FeO-Si02- J. Petrol. 19, 45-65.
MURAO, E. 1976: Zoned, birefringent garnets from Thera Island, Santorini Group 
(Aegean Sea). Mineralog. Mag. 40, 715-719.
MYSEN, B.O. & BOETTCHER, A.L 1975: Melting of a hydrous mantle: II. 
Geochemistry of crystals and liquids formed by anatexis of mantle peridotite at 
high pressures and high temperatures as a function of controlled activities of 
water, hydrogen, and carbon dioxide. J. Petrol. 16, 549-593.
NAGASAWA, H. 1973: Rare-earth distribution in alkali rocks from Oki-Dogo 
island, Japan. Contrib. Mineral. Petrol. 52, 69-76.
NAGASAWA, H., SCHREIBER, H.D. & MORRIS, R.V. 1981: Experimental
mineral/liquid partition coefficients of the rare earth elements (REE), Sc and Sr
for perovskite, spinel and melilite. Earth Planet. Sci. Lett. 46, 431-437.
NAKAMURA, N. 1974: Determination of REE, Ba, Fe, Mg, Na and K in 
carbonaceous and ordinary chondrites. Geochim. Cosmochim. Acta 38, 
757-775.
NASH, W.P. 1972: Mineralogy and petrology of the Iron Hill carbonatite complex, 
Colorado. Bull. geol. Soc. Am. 83, 1361-1382.
NATHAN, H.D. & VAN KIRK, O.K. 1978: A model of magmatic crystallization. J. 
Petrol. 19, 66-94.
NIELSEN, R.L & DUNGAN, M.A. 1983: Low pressure mineral-melt equilibria in 
natural anhydrous mafic systems. Contrib. Mineral. Petrol. 84, 310-326.
NISHIKAWA, M., KONO, S. & ARAMAKI, S. 1970: Melting of Iherzolite from 
Ichinomegata at high pressures. Phys. Earth Planet. Interiors 4, 138-144.
268
NITSAN, U. 1974: Stability field of olivine with respect to oxidation and reduction. 
J. geophys. Res. 79, 706-711.
NIXON, P.M., MITCHELL, R.H. & ROGERS, N.W. 1980: Petrogenesis of alnoitic rocks 
from Malaita, Solomon Islands, Melanesia. Mineralog. Mag. 43, 587-596.
NORRISH, K. & CHAPELL, B.W. 1977: X-ray fluorescence spectrometry. In 
Zussman, J. (ed.): Physical methods in determinative mineralogy. Academic 
Press, London, 201-272.
NORRISH, K. & MUTTON, J.T. 1969: An accurate X-ray spectrographic method for 
the analysis of a wide range of geological samples. Geochim. Cosmochim. 
Act a 33, 431-453.
O'HARA, M.J., BIGGAR, G.M., RICHARDSON, S.W., FORD, C.E. & JAMIESON, B.C. 
1970: The nature of seas mascons and the lunar interior in light of experimental 
studies. Proc. Apollo II Lunar Sci. Conf. 1st 695-710.
OHASHI, H. & HARIYA, Y. 1973: Order-disorder of ferric iron and aluminium in the 
system CaMgSi206-CaFeAISiO6 at high pressure. J. Japan. Assoc. Min. Pet. 
Econ. Geol. 68, 230-233.
O'NIONS, R.K. & PANKHURST, R.J. 1974: Petrogenetic significance of isotope and 
trace element variations in volcanic rocks from the Mid-Atlantic. J. Petrol. 15, 
603-634.
ONUMA, K. 1983: Effect of oxygen fugacity on fassaitic pyroxene. J. Fac. Sci. 
Hokkaido Univ. ser.4, Geol. Min. 20, 185-194.
ONUMA, K.. HUIKATA, K. & YAGI, K. 1968: Unit cell dimensions of synthetic 
titan-bearing clinopyroxenes. J. Fac. Sci. Hokkaido Univ. ser.4, Geol. Min. 14, 
111-121.
PARKER, R.L & FLEISCHER, M. 1968: Geochemistry of niobium and tantalum. U.S. 
Geol. Surv. Prof. Pap. 611, 1-43.
PATCHETT, P.J. 1976: Rb-Sr geochronology and geochemistry of Proterozoic 
basic intrusions in Sweden and south Greenland. Unpublished Ph.D. thesis, 
University of Edinburgh.
PATCHETT, P.J., BYLUND, G. & UPTON, B.GJ. 1978: Palaeomagnetism and the 
Grenville orogeny: New Rb-Sr ages from dolerites in Canada and Greenland. 
Earth Planet. Sci. Lett. 40, 349-364.
PEACOR, D.R. 1967: Refinement of the crystal structure of a pyroxene of formula 
M lMll(Sil.5Alo.5)C)6- Am. Mineral. 52, 31-41.
269
PEARCE. J.A. & NORRY, MJ. 1979: Petrogenetic implications of Ti, Zr, Y, and Nb 
variations in volcanic rocks. Contrib. Mineral. Petrol. 69, 33-47.
PEDERSEN, A.K. 1981: Armalcolite-bearing Fe-Ti oxide assemblages in 
graphite-equilibrated salic volcanic rocks with native iron from Disko, central 
west Greenland. Contrib. Mineral. Petrol. 77, 307-324.
PHILPOTTS, J.A. & SCHNETZLER, C.C. 1970: Phenocryst-matrix partition 
coefficients for K, Rb, Sr and Ba, with applications to anorthosite and basalt 
genesis. Geochim. Cosmochim. Acta 34, 307-322.
PINCKNEY, LR. & LINDSLEY, D.H. 1976: Effects of magnesium on iron-titanium 
oxides. Geol. Soc. Am. Abstr. with Prog. Vol.8, 1051.
PLATT, R.G. & MITCHELL, R.H. 1982: The Marathon Dikes: ultrabasic lamprophyres 
from the vicinity of McKellar Harbour, N.W. Ontario. Am. Mineral. 67, 907-916.
PRESNALL, D.C., BRENNER, N.L & O'DONNELL, T.H. 1973: Drift of Pt/PtlORh and 
W3Re/W25Re thermocouples in single stage piston-cylinder apparatus. Am. 
Mineral. 58, 777-777.
REAY, A. 1981: The effect of disc mill grinding on some rock-forming minerals. 
Mineralog. Mag. 44, 179-182.
RICE, J.M., DICKEY, J.S. & LYONS, J.B. 1971: Skeletal crystallization of 
pseudobrookite. Am. Mineral. 56, 158-162.
RITCHIE, J.A. 1968: Effect of metallic iron from grinding on ferrous iron 
determinations. Geochim. Cosmochim. Acta 32, 1363-1366.
ROBERT, J.-L 1976: Titanium solubility in synthetic phlogopite solid solutions. 
Chem. Geol. 17, 213-227.
ROBINSON, D.N. 1975: Magnetite-serpentine-calcite dykes at Premier mine and 
aspects of their relationship to kimberlites and to carbonatite of alkalic 
carbonatite complexes. In Phys. Chem. Earth Sci. 9, 61-70.
ROBINSON, P. 1980: The composition space of terrestrial pyroxenes - internal 
and external limits. In Prewitt C.T. (Ed.): Pyroxenes. Min. Soc. Am. Reviews 
in Mineralogy, Vol. 7, 419-494.
ROCK, N.M.S. 1978: The effect of C02 on the liquidus relations of alkali basalts 
and its relevance to the nephelite problem: A preliminary investigation. Progress 
in Experimental Petrology 4, 164-170, NERC Series D. No. 11.
ROCK, N.M.S. (in press): The nature and origin of lamprophyres: alnoites and 
allied rocks (ultramafic lamprophyres). Geol. Soc. Lond.
RODEN, M.F. 1981: Origin of coexisting minette and ultramafic breccia, Navajo 
volcanic field. Contrib. Mineral. Petrol. 77, 195-206.
ROEDER, P.L & EMSLIE, R.F. 1970: Olivine-liquid equilibrium. Contrib. Mineral. 
Petrol. 29, 275-289.
RQSSMAN, G.R. 1980: Pyroxene Spectroscopy. In Prewitt, C.T. (Ed.): Pyroxenes. 
Min. Soc. Am. Reviews in Mineralogy vol. 7, 93-115.
RUSSELL, D.G. 1985: Experimental and petrological studies of phenocryst 
assemblages in Scottish Permo-Carboniferous basaltic rocks. Unpublished Ph.D. 
thesis, University of Edinburgh.
SATO, M. 1978: Oxygen fugacity of basaltic magmas and the role of gas forming 
elements. Geophys. Res. Lett. 5, 447-449.
SATO, M. & WRIGHT, T.L 1966: Oxygen fugacity directly measured in magmatic 
gases. Science 153, 1103-1105.
SCHNETZLER, C.C. & PHILPOTTS, J.A. 1970: Partition coefficients of rare-earth 
elements between igneous matrix material and rock-forming mineral phenocrysts 
- II. Geochim. Cosmochim. A eta 34, 33 T-340.
SCHWARTZ, K.B., NOLET, D.A. & BURNS, R.G. 1980: Mossbauer spectroscopy and 
crystal chemistry of natural Fe-Ti garnets. Am. Mineral. 65, 142-153.
SHAW, D.M. 1970: Trace element fractionation during anatexis. Geochim. 
Cosmochim. Act a 34, 237-243.
SHAW, H.R. 1972: Viscosities of magmatic silicate liquids: an empirical method of 
prediction. Am. J. Sci. 272, 870-893.
SHERVAIS, J.W. 1982: Ti-V plots and the petrogenesis of modern and ophiolitic 
lavas. Earth Planet. Sci. Lett. 59, 101-118.
SIGURDSSON, H. & BROWN, G.M. 1970: An unusual enstatite-forsterite basalt 
from Kolbeinsey Island, north of Iceland. J. Petrol. 11, 205-220.
SIMKIN, T. & SMITH, J.V. 1970: Minor-element distribution in olivine. J. Geol. 78, 
304-325.
SMITH, A.L 1970: Sphene, perovskite and coexisting Fe-Ti oxide minerals. Am. 
Mineral. 55, 264-269.
SPEIDEL, D.H. 1970: Effect of magnesium on the iron-titanium oxides. Am. J. 
Sci. 268, 341-353.
271
SPENCER, K.J. & LINDSLEY, D.H. 1981: A solution model for coexisting 
iron-titanium oxides. Am. Mineral. 66, 1189-1201.
SPERA, FJ. 1984: Carbon dioxide in petrogenesis III: role of volatiles in the 
ascent of alkaline magma with special reference to xenoiith-bearing mafic lavas. 
Contrib. Mineral. Petrol. 88, 217-232.
SPRY, A. 1969: Metamorphic Textures. Pergamon Press. 350pp.
STEWART, J.W. 1970: Precambrian alkaline-ultramafic/carbonatite volcanism at 
Qagssiarssuk, south Greenland. Bull. Gronlands geol. Unders. 84, (also Medd. 
Gronlands 186, 4), 70pp.
STORMER,*J.C. 1972: Mineralogy and petrology of the Raton-Clayton volcanic 
field, northeastern New Mexico. Bull. geol. Soc. Am. 83, 3299-3322.
STORMER, J.C. 1973: Calcium zoning in olivine and its relationship to silica 
activity and pressure. Geochim. Cosmochim. Acta 37, 1815-1821.
STORMER, J.C. 1983: The effects of recalculation on estimates of temperature 
and oxygen fugacity from analyses of multicomponent iron-titanium oxides. Am. 
Mineral. 68, 586-594.
STORMER, J.C. & CARMICHAEL, I.S.E. 1971: Fluorine-hydroxyl exchange in apatite 
and biotite: a potential igneous geothermometer. Contrib. Mineral. Petrol. 31, 
121-131.
SUN, S.S. & HANSON, G.N. 1975: Origin of Ross Island basanitoids and limitations 
upon the heterogeneity of mantle sources of alkali basalts and nephelinites. 
Contrib. Mineral. Petrol. 52, 77-106.
SWEATMAN, T.R. & LONG, J.V.P. 1969: Quantitative electron-probe microanalysis 
of rock-forming minerals. J. Petrol. 10, 332-379.
TAKAHASHI, E. & KUSHIRO, I. 1983: Melting of a dry peridotite at high pressures 
and basalt magma genesis. Am. Mineral. 68, 859-879.
TAKEUCHI, Y. & HAGA, N. 1976: Optical anomaly and structure of silicate garnets. 
Proc. Japan Academy 52, 228-231.
THIRLWALL, M.F. 1979: The petrochemistry of the British Old Red Sandstone 
volcanic province. Unpublished Ph.D. thesis, University of Edinburgh.
THOMPSON, R.N. 1974a: Primary basalts and magma genesis. I. Skye, 
north-west Scotland. Contrib. Mineral. Petrol. 45, 317-341.
272
THOMPSON, R.N. 1974b: Some high-pressure pyroxenes. Mineralog. Mag. 39, 
768-787.
THOMPSON, R.N. 1982: Magmatism of the British Tertiary volcanic province. 
Scott. J. Geol. 18, 49-107.
THOMPSON, R.N. & KUSHIRO, I. 1972: The oxygen fugacity within graphite 
capsules in piston cylinder apparatus at high pressure. Carnegie Inst 
Washington Yearb. 71, 615-616.
THORNBER, C.R., ROEDER, P.L & FOSTER, J.R. 1980: The effect on composition on 
the ferric-ferrous ratio in basaltic liquids at atmospheric pressure. Geochim. 
Cosmochim. Acta 44, 525-532.
TILLEY, C.E. 1947: Cuspidine from dolomite contact skarns, Broadford, Skye. 
Mineralog. Mag. 28, 90-95.
TILLEY, C.E. & YODER, H.S. 1968: The pyroxenite facies conversion of volcanic 
and subvolcanic, melilite- bearing and other alkali ultramafic assemblages. 
Carnegie Inst. Washington Yearb. 66, 457-460.
TRACEY, RJ. & ROBINSON, P. 1977: Zoned titanian augite in alkali olivine basalt 
from Tahiti and the nature of titanium substitutions in augite. Am. Mineral. 62, 
634-645.
TYLER, R.C. & KING, B.C. 1967: The pyroxenes of the alkaline igneous complexes 
of eastern Uganda. Mineralog. Mag. 36, 5-21.
ULMER, G.C. 1971: Research techniques for high pressure and high temperature. 
Springer-Verlag. 367pp.
UPTON, B.G.J. 1962: Geology of Tugtutoq and neighbouring islands, South 
Greenland. Part 1. Bull. Gronlands geol. Unders. 34 (also Medd. Gronlands 
169, 8), 60pp.
UPTON, B.G.J. 1964: The geology of Tugtutoq and neighbouring islands, south 
Greenland. Part III. Olivine gabbros, syeno-gabbros and anorthosites. Part IV. 
The nepheline syenites of the Hviddal composite dyke. Bull. Gronlands geol. 
Unders. 48 (also Medd. Gronlands 169, 3), 80pp.
UPTON, B.G.J. 1966: Ultrabasic intrusives from Narssaq and Tugtutoq. Gronlands 
geol. Unders. Rap p. 11, 41-44.
UPTON, B.G.J. 1974: The alkaline province of South-West Greenland. In 
Sorensen, H. (ed.): The Alkaline Rocks. J. Wiley & Sons, New York 221-238.
273
UPTON, B.GJ. & BLUNDELL, DJ. 1978: The Gardar igneous province: evidence for 
Proterozoic continental rifting. In Neumann, £/?. and Ramberg, I.B. (eds.): 
Petrology and Geochemistry of Continental Rifts. D. Reidal Publishing Company, 
163-172.
UPTON, B.GJ. & EMELEUS, C.H. (in press): Mid-Proterzoic alkaline magmatism in 
south Greenland: The Gardar province. J. Geol. Soc. Lond.
UPTON, B.GJ.. EMELEUS, C.H. & BECKINSALE, R.D. 1984: Petrology of the northern 
east Greenland Tertiary flood basalts: Evidence from Hold with Hope and 
Wollaston Forland. J. Petrol. 25, 151-184.
UPTON, B.GJ. & FITTON, J.G. (in press): Gardar dykes north of the Igaliko syenite 
complex, southern Greenland. Medd. Gronlands.
UPTON, B.GJ., STEPHENSON, D. & MARTIN, A.R. (in press): The Tugtutoq Older 
Giant Dyke Complex: mineralogy and geochemistry of an alkali-gabbro - 
augite-syenite - foyaite association in the Gardar province of southe Greenland. 
Mineralog. Mag.
UPTON, B.GJ. & THOMAS, J.E. 1973: Precambrian potassic ultramafic rocks: south 
Greenland. J. Petrol. 14, 509-534.
UPTON, B.GJ. & THOMAS, J.E. 1980: The Tugtutoq Younger Giant Dyke Complex, 
south Greenland: fractional crystallization of transitional olivine basalt magma. J. 
Petrol. 21 167-198.
USSING, N.V. 1912: The geology of the country around Julianehab, Greenland. 
Medd. Gronlands 38, 426pp.
VAN BREEMEN, O., AFTALION, M. & ALLAART, J.H. 1974: Isotopic and 
geochronologic studies on granites from the Ketilidian mobile belt of south 
Greenland. Bull. geol. Soc. Am. 85, 403-412.
VAN VALKENBURG, A. & RYNDERS, G.F. 1958: Synthetic cuspidine. Am. Mineral. 
43, 1195-1202.
VARNE, R. 1968: The petrology of Moroto Mountain, Eastern Uganda and the 
origin of nephelinites. J. Petrol. 9, 169-190.
VELDE, D. 1975: Armalcolite-Ti-phlogopite-diopside-analcite-bearing lamproites 
from Smoky Butte, Garfield County, Montana. Am. Mineral. 60, 566-573.
VELDE, D. 1979: Trioctahedral micas in melilite-bearing eruptive rocks. Carnegie 
Inst. Washington Yearb. 78, 468-475.
274
VELDE, D. & YODER, H.S. 1976: The chemical compositions of melilite-bearing 
eruptive rocks. Carnegie Inst. Washington Yearb. 75, 574-580.
VERHOOGEN. J. 1962: Distribution of titanium between silicates and oxides in 
igneous rocks. Am. J. Sci. 260, 211-220.
VERNON, R.H. 1970: Comparative grain-boundary studies of some basic and 
ultrabasic granulites, nodules and cumulates. Scott J. Geol. 6, 337-351.
VERNON, R.H. 1976: Metamorphic Processes: Reactions and Microstructure 
Development. George Alien & Unwin Ltd, London. 247pp.
VIRGO, D. 1972: A study of ferric and ferrous ions in three natural pyroxenes and
C~7 Oo.
one synthetic pyroxene. Fe Mossbauer analyses of Fe clinopyroxenes. 
Carnegie Inst. Washington Yearb. 71, 534-538.
WALKER, D., SHIBATA, T. & DeLONG, S.E. 1979: Abyssal tholeiites from the 
Oceanographer Fracture Zone. II. Phase equilibria and mixing. Contrib. Mineral. 
Petrol. 70, 111'-125.
WALKER, D., STOLPER, E.M. & HAYS, J.F. 1978: A numerical treatment of
melt/solid segregation: Size of the eucrite parent body and stability of the
terrestrial low-velocity zone. J. geophys. Res. 83, 6005-6013.
WALSH, J.N., BUCKLEY, F. & BARKER, J. 1981: The simultaneous determination of 
the rare-earth elements in rocks using inductively coupled plasma source 
spectrometry. Chem. Geol. 33, 141-153.
WALTON, BJ. 1965: Sanerutian appinitic rocks and Gardar dykes and diatremes, 
north of Narssarssuaq, South Greenland. Medd. Gronlands 179, 9, 66pp.
WARNER, R.D. & LUTH, W.C. 1973: Two-phase data for the join monticellite 
(CaMgSiO4) - forsterite (Mg2SiO4): experimental results and numerical analysis. 
Am. Mineral. 58, 998-1008.
WASS, S.Y. 1980: Geochemistry and origin of xenolith-bearing and related alkali 
basaltic rocks from the southern highlands, New South Wales. Australia. Am. J. 
Sci. (Jackson volume) 280A, 639-666.
WASS, S.Y. & ROGERS, N.W. 1980: Mantle metasomatism - precursor to 
continental alkaline volcanism. Geochim. Cosmochim. Acta 44, 1811-1823.
WATKINS, N.D. & HAGGERTY, S.E. 1967: Primary oxidation variation and 
petrogenesis in a single lava. Contrib. Mineral. Petrol. 15, 251-271.
WATSON, E.B. 1979: Calcium content of forsterite coexisting with silicate liquid in 
the system Na2O-CaO-MgO-Al2O3-SiC>2. Am. Mineral. 64, 824-829.
275
WATSON, E.B. 1980: Apatite and phosphorus in mantle source regions: an 
experimental study of apatite/melt equilibria at pressures to 25 kbar. Earth 
Planet. Sci. Lett. 51 322-335.
WATT, W.S. 1966: Chemical analyses from the Gardar Igneous Province, South 
Greenland. Gronlands geol. Unders. Rapp. 6, 92pp.
WEDEPOHL K. & MURAMATSU, Y. 1979: The chemical composition of kimberlites 
compared with the average composition of 3 basaltic magma types. In Boyd, 
F.R. and Meyer, H.A.O. (eds.): Kimberlites, diatremes and diamonds. Am. 
Geophys. Union, 300-312.
WENDLANDT, R.F. 1977: Barium-phlogopite from Haystack Butte, Highwood 
Mountains, Montana. Carnegie Inst. Washington Yearb. 76, 534-539.
WENDLANDT, R.F. & EGGLER, D.H. 1980: The origins of potassic magmas: 
stability of phlogopite in natural spinel Iherzolite and in the system 
KAISiO4-MgO-Si02-H20-C02 at high pressures and temperatures. Am. J, Sci. 
280, 42 T-458.
WENDLANDT, R.F. & MYSEN, B.O. 1980: Melting phase relations of natural 
peridotite + C02 as a function of degree of partial melting at 15 and 30 kbar. 
Am. Mineral. 65, 37-44.
WHIPPLE, E.R., SPEER, J.A. & RUSSELL, C.W. 1984: Errors in FeO determinations 
caused by tungsten carbide grinding apparatus. Am. Mineral. 69, 987-988.
WILLIAMS, LA.J. 1982: Physical aspects of magmatism in continental rifts. In 
Palmason, G. (ed.): Continental and Oceanic Rifts. Geodynamic Series Vol. 8. 
American Geophysical Union, Washington D.C.
WILSON, A.D. 1955: A new method for the determination of ferrous iron in rocks 
and minerals. Bull. Geol. Surv. G.B. 9, 56-58.
WOERMANN, E., BREZNY, B. & MUAN, A. 1969: Phase equilibria in the system 
MgO-iron oxide-Ti02 in air. Am. J. Sci. 267A, (Schairer volume) 463-479.
WOOD, D.A. 1979: A variably veined suboceanic upper mantle - Genetic 
significance for mid-ocean ridge basalts from geochemical evidence. Geology 7, 
499- 503.
WRIGHT, T.L & DOHERTY, P.C. 1970: A linear programming and least squares 
computer method for solving petrologic mixing problems. Bull. geol. Soc. Am. 
81, 1995-2008.
WRIGHT, T.L & OKAMURA, R.T. 1977: Cooling and crystallization of tholeiitic 
basalt, 1965 Makaopuhi lava lake, Hawaii. U.S. Geol. Surv. Prof. Pap. 1004. 
78pp.
276
WYLLIE, PJ. 1979: Magmas and volatile components. Am. Mineral. 64, 469-500.
YAGI, K. & ONUMA. K. 1967: The join CaMgSi206-CaTiAl20e and its bearing on 
the titanaugites. J. Fac. Sci. Hokkaido Univ. ser.4, 13, 463-483.
YODER, H.S. 1968: Akermanite and related melilite-bearing assemblages. 
Carnegie Inst. Washington Yearb. 66, 471-477.
YODER, H.S. 1975: Relationship of melilite-bearing rocks to kimberlite: a 
preliminary report on the system akermanite-C02- Phys. Chem. Earth 9, 
883-894.
YODER, H.S. 1979: Melilite-bearing rocks and related lamprophyres. In The 
Evolution of the Igneous Rocks: Fiftieth Anniversary Perspectives. ' Princeton 
University Press, 391-411.
YODER, H.S. & VELDE, D. 1976: Importance of alkali content of magma yielding 
melilite-bearing rocks. Carnegie Inst. Washington Yearb. 75, 580-585.
YOSHIKAWA, K. 1977: Phase relations and the nature of clinopyroxene solid 
solutions in the system NaFe^"t"Si2O6-CaMgSi206-CaAl2Si06- J- Fac. Sci. 
Hokkaido Univ. ser.4, Geol. Min. 17, 451-485.





In the following table, sample locations, descriptions and the characteristic 
phase assemblages are documented. Samples from earlier studies have been 
included in the tabulation, although their precise locations are not known. 
Hence, location maps are only presented for the 278- series of samples and 
then only for the Nugarmiut outcrops (Fig. A.I - A.4).
A2 PHASE ABBREVIATIONS.
The phase abbreviations used throughout the text and in the following tables 
are as follows:
PHASE ABBREVIATIONS.
AB = ALBITE AM = AMPHIBOLE 
AP = APATITE CC = CALCITE 
CE = CELESTITE CH = CHLORITE 
CU = CUSPIDINE EP = EPIDOTE 
GL = GLASS GT = GARNET 
HM * HAEMATITE IL = ILMENITE 
LC = LEUCITE MO = MONTICELLITE 
OL = OLIVINE OP = OPAQUE PHASE(S) 
PB = PSEUDOBROOKITE PH = PHLOGOPITE 
PL = PLAGIOCLASE PV = PEROVSKITE 
PX = CLINOPYROXENE (=CPX) SH = SPHENE 







278002 Fine-grained (<4mm) gabbro
278003 Coarse-grained (>4mm) gabbro
































278025 Ol-pyroxenite +peg. seg.
278026 Peg. segregation
278027 Fine-grained Ol-pyroxenite +vein




278032 Contact-zone,gabbro -i-melanocraitc material
278033 Contact-zone,melanocratic rock









278043 Loose block of veined ultramafite
















278050 Pyroxenite with ferri-diopside veinlets
278051 Central-zone micaceous ferrian-pyroxenite
278052 Central-zone micaceous ferrian-pyroxenite
278053 Central-zone leucocratic ferrian-pyroxenite
278054 Central-zone calcareous inclusion
278055 Central-zone micaceous ferrian-pyroxenite
278056 Seg. in ferrian-pyroxenite
278057 Central-zone layered sample
278058 Altered gabbro
278059 Veins in fine-grained Ol-pyroxenite
278060 Ferrian-pyroxenite
278061 Seg. from ferrian-pyroxenite
278062 Seg. from ferrian-pyroxenite
278063 Ferrian-pyroxenite and seg.













278077 Central-zone micaceous ferrian-pyroxenite
278078 Central-zone micaceous ferrian-pyroxenite
85913 Homogeneous,fine-grained Ol-pyroxenite










































Peg. seg. in ferrian-pyroxenite
Peg. seg. in ferrian-pyroxenite
Lay. seq.- Ph-rich horizon +OI megacrysts






























278101 Lay. seq.- leucocratic horizon
278102 Lay. seq.- peg. seg.
278103 Lay. seq.- Ph-poor horizon +peg. seg.
278104 Lay. seq.- Ph-poor horizon -i-peg. seg.
278105 Lay. seq.- Ph-rich horizon +OI megacrysts
278106 Lay. seq.- Ph-rich horizon +OI megacrysts
278107 Lay. seq.- Ph-poor horizon +peg. seg.
278108 Lay. seq.- Ph-rich horizon +OI megacrysts
278109 Lay. seq.- Ph-poor horizon
278110 Lay. seq.- segregation of Ph +Px
278111 Lay. seq.- leucocratic horizon
278112 Lay. seq.- homogeneous Ph-poor horizon
278113 Lay. seq.- homogeneous Ph-poor horizon








278122 Vein complex in Ol-pyroxenite
278123 Vein complex in Ol-pyroxenite
278124 Heterogeneous Ol-pyroxenite
278125 Heterogeneous Ol-pyroxenite +vein




85919 Lay. seq.- Ph-rich horizon +OI megacrysts

































278131 Ol-pyroxenite +ferri-diopside veinlets
278132 Ol-pyroxenite +ferri-diopside veinlets
278133 Ol-pyroxenite -i-ferri-diopside veinlets






















































































278156 OGDC - border zone
278157 Ol-pyroxenite




278162 Ol-pyroxenite +ferri-diopside seg.
278163 Ol-pyroxenite +ferri-diopside seg.













278160 Micaceous Ol-pyroxenite +veins
278167 Micaceous Ol-pyroxenite +veins
278168 Micaceous Ol-pyroxenite




















186228 Micaceous Ol-pyroxenite PH,AM,OL,PX,OP
ASALUKASIT





278193 Homogeneous,fine-grained ultramafite PX,OP,PH,AM,AP,PV
278194 Sandstone-ultramafite contact
101214 Homogeneous/fine-grained ultramafite PX,{IL,MT},PH,AM,AP
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NUGARMIUT 1
Fig.A.1 Sample location map for the 278- series of samples from the 
Nugarmiut 1 exposure. Numbers refer to the last three, non zero 




FigJV.2 Sample location map for the 278- series of samples from the 
Nugarmiut 2 exposure. Numbers refer to the last three, non zero 




Fig.A.3 Sample location map for the 278- series of samples from the 
Nugarmiut 3 exposure. Numbers refer to the last three, non zero 






Fig.A.4 Sample location map for the 278- series of samples from the 
Nugarmiut 4 exposure. Numbers refer to the last three, non zero 





B1 DETAILS OF MICROPROBE ANALYSIS AND PRECISION.
The analysis of minerals was carried out using a Cambridge instruments 
Microscan Mark 5 Microprobe. The elements analysed and the instrumental 
conditions used are summarised in Table B1. Most analyses were performed 
with a focused electron beam of approximately 1-2um diameter, but where light 
element volatilisation was apparent the beam was defocused to 50um. Samples 
and standards were simultaneously coated with a conducting film of carbon.
Both EDS (energy dispersive spectrometry) and WDS (wavelength dispersive 
spectrometry) methods have been used during the period of this study. In the 
EDS mode, short term instrument drift was accounted for by the use of a cobalt 
secondary standard. The X-ray counts for each element were related to that of 
a standard of known composition (Table B1). The long term calibration of all 
elements was updated at intervals when required, using the standards in Table 
B1. The precision estimate based on the repeated analysis of a single point for 
some typical experimental run products are shown in Table B2.
In the WDS mode, element concentration was also related to the 
concentration in a standard of known composition (Table B1). Two methods, 
both giving similar results, may be used in the determination of the analytical 
precision. As in the EDS mode, the repeated analysis of a single point provides 
an idea of the precision which includes all possible errors (e.g. probe current 
variation, operator error etc.). Alternatively, when the number of X-rays 
detected is known, the precision and the detection limit may be calculated 
(Norrish and Chappel, 1977). These figures provide the best possible precision 
and detection limits available and are the ones used in the Table B2. Perhaps a 
more realistic precision figure is that based on the variation in the Na-standard, 
which has been routinely analysed as an unknown using both EDS and WDS 
modes throughout the course of this study (Table B2).
ZAP corrections have been made to all analyses using the absorption 
coefficents of Heinrich, (1966) and the procedure outlined by Sweatman and 
Long, (1969).
The analysis of some minerals require special comment. 
1) Perovskites: All the perovskites described in Section 4.7 were analysed using
287
50nA and 20kv. This increased the counts per percent element and hence the 
precision and detection limits (Table B2). Collimating slits were used to 
overcome interelement interference.
2) Micas: Using the QTZ diffracting crystal, Ba|_a and Ti«a radiations overlap. In 
the typical Tugtutoq-Nugarmiut micas this overlap produces an overestimate in 
the Ba concentration of <0.1wt%BaO, which taken with the best possible 
precision of 0.07wt% is not considered significant. When the concentration of 
Ba and, or, Ti became >10wt%, collimating slits, LIF diffracting crystals or the 
Baj_g and Ti|<a radiations were used for the analysis. Alternative absorption 
coefficients used in the ZAP correction procedure were found to have no 
significant effect on any elements concentration, even at high BaO contents.
3) Glass: The analysis of the glasses synthesised at atmospheric pressure 
invariably resulted in a low oxide summation (96-98wt%). While in detail the 
cause of this is not known, the typically good summation obtained from the 
coexisting crystals suggests that it is due either to the absorption of water from 
the H2, C02 gas mixture, or an error in the ZAP correction procedure (Russell, 
pers. comm.).
82 TABLES OF ANALYSES.
Representative mineral analyses are presented in the following tables. The 
Fe203 contents in the pyroxenes, the opaque phases and the garnets have been 
calculated from stoichiometric considerations. In all other phases the total Fe 
content has been expressed as FeO. The analyses are presented by outcrop; 
Nugarmiut 1 (NUG1) followed by Nugarmiut 2 (NUG2) etc.. Within each outcrop 
the analyses are ordered in increasing specimen number. A typical example is 
as follows:
01R014C NUG1
The first two numbers refer to the analysis number, the three (rarely four) 
numbers after R (Rock) refer to the abbreviated GGU sample number (see 
Appendix A) and the final letter abbreviations are; 
C=core analysis, 
M=middle of crystal, 
R=rim of crystal 
V=crystal analysed in a vein.
EDS analyses and WDS analyses are identified by '£' and 'W respectively 
inserted below the analysis number. All other abbreviations are self-explanatory, 
except perhaps 'nd' which indicates that the element was not detected or not
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Instrument: Cambridge Instruments Hicroscan Mk5 with link Systems EOS. 
Conditions: 20 KV. 30nA for MOS(w): SnA for EDSIel with 100* live time.
RADIATION STANDARD CRYSTAL 1 COUNTS 1
PHASF.S' 
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2. Phase abbreviations as defined in Apendix 1.
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TABLE B2













































































































































R P= count rate on the peak (counts per sec)
"B= count rate on the background ( counts per sec)
TP = time on the peak (sec)
TB= time on backgrounds (sec)






















































































































































































































































































































































1=Average of 43 EDS and WDS analyses over a period of ~3yrs
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105 01R914M5 NUG2 109 02R914R2 NUG2
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181 182 183 184
E E E E
Si02 44.07 44.40 44.81 46.43
Ti02 3.28 3.57 3.15 2.99
A1203 5.59 5.60 5.23 5.27
Fe203 5.77 5.98 5.03 5.92
Cr203 nd 0.13 nd nd
FeO 1.47 1.55 2.11 0<-84
MnO nd nd nd nd
MgO 13.59 13.77 13.60 13.65
CaO 23.38 23.58 23.47 24.67
Na20 nd nd nd 0.31
total= 97.15 98.58 97.40 100.08
Si 1.69 1.69 1.72 1.73
Ti 0.09 0.10 0.09 0.08
Al 0.25 0.25 0.24 0.23
F»3 0.17 0.17 0.15 0.17
Fe2 0.05 0.05 0.07 0.03
Mg 0.78 0.78 0.78 0.76
Ca 0.96 0.96 0.96 0.98
Na - - 0.02
total= 4.00 4.00 4.00 4.00
oxygens= [63 [6] [63 [63
181 03R5920 NUG3 185 03R5920 NUG3
182 05R5920 NUG3 186 04R5920 NUG3
183 06R5920 NUG3 187 05R5920 NUG3
184 01R5920 NUG3 188 06R5920 NUG3
191 192 193 194
W W E E
Si02 45.34 46.08 45.76 44.82
Ti02 1.21 1.33 1.22 1.57
A1203 6.34 6.14 6.44 6.72
Fe203 11.30 10.77 10.04 10.74
Cr203 nd nd nd nd
FeO nd 0.11 1.94 1.55
HnO 0.27 0.29 0.24 0.12
MgO 11.30 11.12 11.27 11.07
CaO 22.94 21.93 22.93 22.90
Na20 1.22 1.72 0.90 0.92
total= 99.92 99.49 100.74 100.41
Si 1.71 1.74 1.71 1.69
Ti 0.03 0.04 0.03 0.04
Al 0.28 0.27 0.28 0.30
Fe3 0.32 0.31 0.28 0.30
Fe2 - - 0.06 0.05
Mn
Hg 0.63 0.62 0.63 0.62
Ca 0.93 0.89 0.92 0.92
Na 0.09 0.13 0.07 0.07
total= 4.00 4.00 4.00 4.00
oxygens^ [63 [63 [63 [63
191 03R130 NUG4 195 05R130 NUG4
192 04R130 NUG4 196 06R130 NUG4
193 01R130 NUG4 197 08R130C NUG4
194 02R130 NUG4 198 09R130R NUG4
201 202 203 204
E E E E
Si02 52.07 50.73 49.97 49.63
Ti02 0.80 1.09 1.42 1.47
A1203 1.76 2.57 3.04 3.25
Fe203 nd 1.22 1.20 2.12
Cr203 0.11 nd nd 0.13
FeO 6.82 5.66 6.07 4.91
MnO 0.32 0.13 0.25 0.13
MgO 15.14 14.99 14.49 15.61
CaO 22.23 22.74 22.54 21.70
total= 99.25 99.13 98.98 98.95
Si 1.94 1.90 1.88 1.86
Ti 0.02 0.03 0.04 0.04
Al 0.08 0.11 0.13 0.14
Fe3 - 0.03 0.03 0.06
Fe2 0.21 0.18 0.19 0.15
Mn 0.01
Mg 0.84 0.83 0.81 0.87
Ca 0.89 0.91 0.91 0.87
total= 4.00 4.00 4.00 4.00
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101 102 103 104
W V W W
Si02 36.86 36.20 36.32 37.18
Ti02 5.90 5.78 6.01 5.94A1203 12.99 12.47 12.77 13.02F»0 5.10 5.19 5.27 3.91ttnfl 0.08 0.11 0.10 0.06NgO 22.29 22.92 22.24 23.28 Na20 0.47 0.63 0.68 0.71K20 9.54 9.27 9.09 9.23BaO 0.56 0.51 0.54 0.48
total: 93.79 93.08 93.02 93.81
F 0.31 0.31 0.26 0.28
Si 5.41 5.36 5.38 5.41
Ti 0.65 0.64 0.67 0.65
Al 2.25 2.18 2.23 2.23F*2 0.63 0.64 0.65 0.48Nn - 0.01 0.01
rtg 4.88 5.06 4.91 5.05Na 0.13 0.18 0.20 0.20
K 1.79 1.75 1.72 1.71
Ba 0.03 0.03 0.03 0.03
totaU 15.77 15.87 15.79 15.78oxyg*ns= [221 [221 [221 (221
101 03R093 NUG3 105 01R099 NUG3102 02R093C NUG3 106 02R118 NUG3103 02R093M NUG3 107 04R118 NUG3104 02R093R NUG3 108 01R118 NUG3
111 112 113 114w w w ySi02 36.12 35.81 36.34 36.00Ti02 5.46 5.48 5.48 5.60A 1203 14.23 14.16 14.28 14.15F*0 3.81 4.21 4.52 4.83hnfl nd 0.02 0.01 0.05NgO 22.60 22.16 22.27 21.89 Na20 0.35 0.31 0.24 0.24K20 9.21 9.15 9.32 9.18BaO 2.01 2.19 1.74 2.23
totals 93.79 93.49 94.20 94.17
F 0.48 0.79 0.81 0.98
Si 5.32 5.31 5.33 5.31Ti 0.60 0.61 0.60 0.62Al 2.47 2.47 2.47 2.46F»2 0.47 0.52 0.55 0.60Hn
Hg 4.96 4.89 4.87 4.81Na 0.10 0.09 0.07 0.07K 1.73 1.73 1.74 1.73
Ba 0.12 0.13 0.10 0.13
total= 15.76 15.76 15.74 15.74oxyg*n«= (22) [22] [221 (221





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































141 03R919H NUG3 US
U2 03R919C NUG3 146
U3 03R919R NUG3 U7













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































193 08R876R NUG4 197 04R876R NUG4











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































92 93 94 
WWW
nd 0.01 nd 
1.25 1.03 15.31 
3.06 2.26 1.69 
66.50 66.88 35.59 
0.23 0.23 0.41 
19.64 21.82 43.15 
1.11 1.12 0.58 
7.67 6.01 0.67
99.46 99.36 97.40
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121 122 123 124 
E E E E
Si02 40.18 39.29 39.29 37.40 
Ti02 nd nd nd nd 
A 1203 nd nd nd nd
F»0 10.88 16.97 16.97 26.78
HnO 0.35 0.40 0.40 0.59
NiO 0.25 0.18 0.18 0.27
HgO 47.49 42.74 42.74 35.18
CaO 0.27 0.12 0.12 nd
totals 99.42 99.70 99.70 100.22
Si 1.00 1.00 1.00 1.00
F«2 0.23 0.36 0.36 0.60
Hn - 0.01
Hg 1.76 1.62 1.62 1.40
totals 3.00 3.00 3.00 3.00
oxygenss [4] [41 [41 [4]
FO 0.89 0.82 0.82 0.70
121 04R936V NUG4 125 03R941 NUG4
122 02R936V NUG4 126 01R646 TUG1
123 02R936V NUG4 127 01R164 TUG1
124 03R941 NUG4 128 02R164 TUG1
131 132 133 134
W W W W
Si02 41.22 40.37 40.58 40.37
A1203 0.05 0.03 0.03 0.03
F«0 9.77 10.14 9.10 9.59
HnO 0.56 0.58 0.53 0.53
NiO 0.12 0.16 0.10 0.13
HgO 48.85 48.36 49.43 48.69
CaO 0.17 0.13 0.13 0.13
totals 100.74 99.77 99.90 99.47
Si 1.00 1.00 0.99 1.00
F»2 0.20 0.21 0.19 0.20
Hn 0.01 0.01 0.01 0.01
Hg 1.77 1.78 1.81 1.79
totals 3.00 3.00 3.00 3.00
oxygencs [41 [4] (43 [41
FO 0.90 0.89 0.91 0.90
131 05R164 TUG1 135 08R164R TUG1
132 06R164 TUG1 136 03R168R TUG2
133 07R164 TUG1 137 04R168 TUG2
134 08R164C TUG1 138 05R168 TUG2
141 142 143 144
W W W W
Si02 37.23 37.35 37.30 37.23
A1203 0.02 nd 0.04 0.02
F«0 25.51 26.64 26.22 26.38
HnO 0.47 0.46 0.46 0.45
NiO 0.18 0.19 0.19 0.20
HgO 36.50 35.61 35.99 35.73
CaO 0.06 0.07 0.07 0.10
totals 99.97 100.32 100.27 100.11
Si 0.99 0.99 0.99 0.99
F*2 0.57 0.59 0.58 0.59
Hn 0.01 0.01 0.01 0.01
Hg 1.44 1.41 1.42 1.42
totals 3.01 3.01 3.01 3.01
oxygenss [4] [41 143 [43
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This appendix is concerned with the preparation and analytical techniques 
used in the analysis of rock samples. 10 major elements and 17 trace elements 
were analysed by X-ray fluorescence (XRF) spectrometry, using a Philips PW 
1450/20 spectrometer at Edinburgh University. Full details of the XRF techniques 
are given in Thiriwall, (1979). Ferric iron contents were determined by wet 
chemical analysis (Section C4), while the REE concentrations were analysed by 
inductively coupled plasma (ICP) source spectrometry at Kings College London 
by J.N. Walsh.
C2 SAMPLE PREPARATION.
Whenever possible, samples were chosen to be in excess of 200g, free from
veining and devoid of coarse-grained segregations. Weathered surfaces were
o 
removed and samples broken into chips (~2cm ) using a Cutrock Engineering
hydraulic splitter. After washing in deionised water, these chips were crushed to
— 5mm using a Sturtevant jaw crusher which had been thoroughly cleaned with 
acetone before each operation. Further grinding was carried out using a WC 
tema. After a period of —30 seconds, the sample was removed from the tema, 
coned and quartered and a ~10g aliquot removed for ferric iron determination 
(Section C4). The remaining sample was returned to the mill and ground for
-4min, after which time the grain size was -100 mesh. Similar samples were 
processed sequentially to avoid any major effects of cross contamination. The 
grinding produces Co and W contamination, hence these elements were not 
determined.
C3 XRF ANALYSIS.
Analysis of the ten major elements (Na, Mg, Al, Si, P, K, Ca, Ti, Mn, Fe) was 
carried out on a fused glass disc (Norrish and Mutton, 1969), prepared using a 
rock powderflux (lithium tetraborate- lanthanum oxide- lithium oxide) ratio of 
1:5.333. The process of fusing results in the majority of the Fe being oxidised 
and the volatilisation of h^O and C02 from both the rock powder and the flux.
342
Only rarely was the sample pre-ignited at 1100°C to remove the volatile 
content, resulting in a total oxide summation close to 100%. Major elements 
were analysed using a Cr-anode tube. Calibration lines relating the 
concentration of the element to the count ratio ([Peak counts-background 
countsj/counts on the monitor) were derived using international standards (G2, 
GSP1, AGV1, BCR1, PCC1, DTS1, GA, BR). The high flux to sample ratio used 
gives rise to all samples having similar mass absorption coefficients, resulting in 
the minimum mass absorption correction being required.
Analysis of 17 trace elements was carried out on pressed pellets using either 
a Cr-anode (Sc, V, Cu, Ba, La) or a W-anode X-ray tube (Ni, Zn, Th, Pb, Rb, Sr, Y, 
Zr, Mb, Cr, Ce, Nd). Mass absorption coefficients were calculated for each 
sample on the basis of the major element analysis. Calibrations were based on 
international and synthetic spiked standards (Thirlwall, 1979).
Analytical accuracy may be estimated by the analysis of a sample whose 
composition is well known. Such an analysis is presented in Table C1. 
Instrument precision may be evaluated by the repeated analysis of a single 
sample, while the analysis of 4 discs and pellets from the same sample will 
indicate the reproducibility of sample preparation and instrumental precision 
(Table C2). Pb and Th were routinely analysed, but their poor precision and 
frequently negative concentrations has precluded them from being used in this 
study.
C4 FeO-DETERMIIMATIONS.
The mechanical grinding of rock chips in a WC tema oxidises the FeO to 
F6203 (Reay, 1981) and contaminates the sample in Co and W (Ritchie, 1968; 
Whipple et al., 1984). However, removal of an aliquot after 30 seconds grinding 
results in the minimal oxidation (Fitton and Gill, 1970) and contamination effects 
are slight (Ritchie, 1968), especially when considering the high concentrations of 
FeO usually determined in this study. These findings were confirmed by 
comparing the FeO contents of a sample prepared by the routine method 
outlined above and one prepared by crushing in agate under acetone (Table C3).
The method used in the determination of ferrous iron (Wilson, 1955) digests 
the sample in cold hydrofluoric acid in the presence of a known quantity of 
vanadic iron. The remaining, unreduced vanadium after digestion is then 
determined. The time of digestion varied from ~ 1 day to 5 days, depending on 
the mineral assemblage present. Total Fe-content was invariably determined as 
by XRF. Precision estimates based on the repeat analysis of a sample
343
(181921) during each batch of Fe-determinations are presented in Table C3. 
C5 REE ANALYSIS.
The REE contents of 6 samples were determined by ICP. Documentation of 
the procedure is presented by Walsh et al., (1981), from which the precision 
determinations shown in Table C4 have been taken.
C6 TABLES OF ANALYSES.
All analyses of the Gardar ultramafites that have been used in the text are 
presented, with either their source reference or analyst (Tables C5-C7). 




XBF ANALYTICAL ACCURACY (FROM THIRLUALL. 1979)
Analysis of standards run as unknowns and not included in 
the calibration compared to values from Abbey, (1977). 
























































































PRECISION BASED OF REPLICATE ANALYSIS (SAMPLE 85938)






















































































EFFECT OF SAMPLE PREPARATION ON FeO CONTENTS
METHOD OF PREPARATION FeO CONTENTtUTZl 








PRECISION ESTIMATE BASED OF REPLICATE ANALYSIS (SAMPLE 181921)




PRECISION ESTIMATES FOR REE'S BASED ON REPLICATE ANALYSIS
(From Walsh et al., 1981)
MEAN(15) 2er RSD(Z)
La 5.83 0.75 6.5
Ce 12.3 0.86 3.5
Pr 1.89 0.16 4.3
Nd 9.64 0.67 3.5
Sm 2.48 0.11 2.2
Eu 0.90 0.02 1.1
Gd 2.59 O.U 2.7
Dy 2.96 0.05 0.9
Er 1.75 0.08 2.3
Yb 1.79 0.04 1.1





Si02 34.93 33.13 32.41 33.58 34.12 32.27 31.09 47.46
Ti02 6.34 7.07 7.15 7.40 6.34 7.29 5.99 2.28
A1203 5.30 4.24 4.00 3.62 4.09 3.31 8.04 21.74
F»203 11.07 11.63 12.13 12.98 11.60 12.91 32.89 10.33
F»0 7.66 11.25 10.15 7.67 11.65 11.01 nd nd
HnO 0.21 0.26 0.25 0.22 0.27 0.25 0.25 0.10
HgO 16.42 17.24 17.97 17.67 17.99 18.71 15.98 3.44
CaO 15.30 12.36 12.06 13.94 12.44 11.94 3.07 9.43
Na20 0.40 0.20 0.17 0.32 0.27 0.35 0.92 4.08
K20 0.22 0.41 0.61 0.42 0.57 0.18 0.20 1.18
P205 0.62 0.20 0.58 0.55 0.39 0.37 0.38 0.52
totals 98.47 97.99 97.47 98.39 99.73 98.59 98.81 100.56
LOI nd nd nd nd nd nd nd 2.24
Ni 429 535 540 442 560 617 481 39
Cr 439 414 480 516 525 600 566 18
V 291 360 382 342 428 409 968 335
Sc 16 18 20 21 21 23 17 13
Cu 55 27 76 68 111 32 13 29
Zn 98 129 120 105 158 141 143 64
Sr 638 538 431 511 391 224 382 1451
Rb 11 49 71 40 52 8 12 23
Zr 296 221 208 324 177 209 28 83
Kb 49 21 38 89 16 48 8 13
Ba 1253 2243 1639 797 1182 81 486 1088
La 17 12 14 13 13 8 6 14
C« 62 42 47 39 37 15 - 36
Nd 38 30 34 31 26 16 1 20
Y 19 18 18 17 16 13 6 18
1 278006, FINE-GRAINED OL-PYROXENITE, NUGARMIUT1
2 278012, FINE-GRAINED OL-PYROXENITE, NUGARHIUT1
3 27801 4, FINE-GRAINED OL-PYROXENITE, NUGARMIUT1
4 278022-CONTACT ZONE, FINE-GRAINED OL-PYROXENITE, NUGARMIUT2
5 278024, FINE-GRAINED OL-PYROXENITE, NUGARMIUT2
6 278029-CONTACT ZONE-MELANOCRATIC ROCK, NUGARHIUT2
7 278030-CONTACT ZONE-MELANOCRATIC ROCK, NUGARMIUT2
8 278031 -CONTACT ZONE-GABBRO, NUGARMIUT2
9 278032-CONTACT ZONE-GABBRO + MELANOCRATIC MATERIAL, NUGARMIUT2
10 278033-CONTACT ZONE-MELANOCRATIC ROCK, NUGARMIUT2
11 12 13 U 15 16 17 18
Si02 30.89 32.65 33.59 35.16 33.13 32.32 28.60 29.89
Ti02 7.30 7.69 6.76 5.54 6.52 5.98 7.37 6.69
A1203 3.59 4.14 5.19 4.92 6.04 5.44 6.20 6.12
F«203 19.77 12.13 11.92 20.17 14.92 19.07 20.39 15.74
F«0 3.66 10.15 8.95 nd 5.56 1.25 4.19 5.46
HnO 0.23 0.29 0.25 0.29 0.25 0.26 0.13 0.26
HgO 20.75 16.59 15.54 10.91 14.62 15.67 16.61 14.50
CaO 9.61 11.82 12.41 20.31 16.58 12.72 6.06 15.90
Na20 0.42 0.28 0.28 0.64 0.32 0.74 1.13 0.20
K20 0.99 1.11 1.95 0.07 1.18 2.50 2.81 1.67
P205 0.58 0.61 0.66 0.04 0.75 1.38 1.62 1.55
total= 97.78 97.45 97.50 98.06 99.86 97.35 95.10 97.97
Ni 624 503 418 324 372 379 543 319
Cr 400 474 433 116 332 319 651 309
V 124 458 418 212 216 247 660 600
Sc 18 26 19 12 16 15 23 11
Cu 68 111 90 54 110 169 48 81
Zn 135 125 131 114 115 125 164 107
Sr 416 417 634 795 679 903 862 857
Rb 89 117 190 7 90 143 185 132
Zr 324 291 259 415 354 367 424 380
Mb 82 91 41 62 84 123 119 105
Ba 1760 887 1421 46 2164 3319 1914 1534
La 27 25 22 45 41 SO 48 46
C« 83 77 73 120 89 92 135 97
Nd 47 48 42 61 42 49 59 44
Y 23 21 19 25 24 27 25 24
11 278036, FERRIAN-PYROXENITE, NUGARMIUT2
12 278038, FINE-GRAINED OL-PYROXENITE, NUGARMIUT2
13 278039, FINE-GRAINED OL-PYROXENITE, NUGARMIUT2
14 278041, FERRI AN-PYROXENITE, NUGARMIUT2
15 278060, FERRIAN-PYROXENITE, NUGARMIUT2
16 278066, FERRI AN-PYROXENITE, NUGARMIUT2
17 278070 .ULTRAMAF I TE + VEINLETS, NUGARMIUT2
18 278071, FERRIAN-PYROXENITE, NUGARMIUT2
19 278072, LEUCOCRATIC FERRIAN-PYROXENITE, NUGARMIUT2










































































































































































































































































































































































































































21 85913,FINE-GRAINED OL-PYROXENITE, HUGARMIUT2
22 85915,HETEROGENEOUS OL-PYROXENITE, NUGARMIUT2
23 278089,FERRIAN-PYRQXENITE, NUGARHIUT3
24 278090,OL-PYROXENITE + VEIN, NUGARMIUT3
25 278097,LEUCOCRAT1C HORIZON, NUGARMIUT3
26 278118,FINE-GRAINED OL-PYROXENITE, NUGARMIUT3
27 278120,FINE-GRAINED OL-PYROXENITE, NUGARMIUT3
28 278124,HETEROGENEOUS OL-PYROXENITE, NUGARMIUT3
29 85919,LAYERED SEQUENCE, NUGARMIUT3

















































31 32 33 34
27.19 35.74 35.74 34.57
5.89 2.68 2.33 2.75
4.98 5.07 4.68 5.06
14.21 14.04 12.80 14.23
3.74 nd nd nd
0.20 0.28 0.27 0.25
18.14 20.03 20.86 19.53
19.37 22.02 24.05 23.08
0.17 0.15 0.16 0.11
0.78 0.00 0.00 0.00
0.60 0.23 0.03 0.36
95.27 100.24 100.92 99.94
nd 0.25 0.39 0.31
324 799 780 772
369 901 786 930
277 157 85 198
9847
77 20 16 13
106 81 60 77
1285 139 158 167
32 2 1 1
314 216 178 229
86 52 43 56
1545 35 15 10
38 48 55 44
81 92 111 84
36 44 56 42



















































































































































































































.CENTRAL PART OF VEIN, NUGARMIUT4
.OUTER ZONE OF VEIN, NUGARMIUT4




























































































































































































































































































































































+ VEINS , NUGARMIUT4
NUGARMIUT4
NUGARMIUT4
47 85938,FINE-GRAINED OL-PYROXENITE, NUGARMIUT4
48 181920,FERRIAN-PYROXENITE, NUGARMIUU
49 181921.MICACEOUS OL-PYROXENITE, NUGARMIUU
50 278157,OL-PYROXENITE, TUGTUTOQ1
51 52 53 54 55 56
Si02 36.72 35.99 37.45 35.55 35.61 36.61
Ti02 5.08 5.21 6.03 6.59 5.90 6.16
A1203 7.67 7.78 6.68 5.44 5.46 6.65
F«203 10.23 6.49 6.25 14.68 9.67 5.45
F»0 7.62 10.94 12.18 5.77 9.80 12.64
HnO 0.23 0.22 0.20 0.21 0.23 0.19
MgO 15.53 14.93 15.92 17.81 17.75 15.67
CaO 11.53 13.71 10.95 11.04 10.85 11.12
Na20 1.12 0.79 1.02 0.48 1.01 0.81
K20 0.77 1.02 1.09 0.53 0.83 0.92
P205 0.58 0.77 0.42 0.33 0.41 0.42
totals 97.08 97.85 98.19 98.43 97.52 96.65
Ni 454 396 628 684 726 588
Cr 376 509 429 478 492 463
V 431 480 431 474 338 471
Sc 16 18 19 19 20 23
Cu 146 141 174 234 213 101
Zn 105 139 116 112 121 116
Sr 778 731 2595 925 1259 2456
Rb 39 57 70 26 57 65
Zr 282 319 257 175 257 249
Nb 79 100 67 48 61 65
Ba 707 418 1194 916 846 982
La 55 81 36 17 34 45
C* 122 172 93 54 84 83
Nd 57 74 43 32 39 41
Y 24 27 21 19 21 21
51 278158, HETEROGENEOUS OL-PYROXENITE, TUGTUTOQ1
52 2781 63, HETEROGENEOUS OL-PYROXENITE, TUGTUTOQ1
53 278165, MICACEOUS OL-PYROXENITE, TUGTUTOQ2
54 278168, MICACEOUS OL-PYROXENITE, TUGTUTOQ2
55 278173. AMPHIBOLE OL-PYROXENITE, TUGTUTOQ2
56 40550, MICACEOUS OL-PYROXENITE, TUGTUTOQ2
57 81153, MICACEOUS OL-PYROXENITE, TUGTUTOQ2
































































































75.67 50.89 39.73 
148.29 102.59 87.62 
17.54 12.80 11.91 
70.81 52.93 51.04 
13.58 10.26 10.36 
4.21 3.24 3.31 
10.69 8.35 8.65 
6.38 5.02 5.71 
1.09 0.87 1.03 
2.52 1.99 2.35 






































CENTRAL ZONE MICACEOUS FERRIAN-PYROXENITE, NUGARMIUT2 
LECOCRATIC LAYER, NUGARMIUT3 
MICACEOUS OL-PYROXENITE, NUGARMIUT4 
MICACEOUS OL-PYROXENITE, TUGTUTOQ2 



































































































































































































































































































































































































DYKE SWARM AT IGDLUTALIK (MARTIN,

































































































































total= 98.45 93.33 84.84 82.35 90.29 80.93 99.61 97.21 98.24 97.41 




























































































































































































































TUGTUTOQ-ILIMAUSSAQ OYKE SWARM AT NE TUGTUTOQ (UPTON,UNPUB DATA) 
TUGTUTOQ-ILIMAUSSAQ DYKE SWARM.MELLEM LANDT N IGAL1KO (UPTON,UNPUB
MELLEM LANDT N IGALIKO (UPTON,UNPUB 
MELLEM LANDT N IGALIKO (UPTON,UNPUB 
N IGALIKO (UPTON,UNPUBL DATA) 
N IGALIKO (UPTON,UNPUBL DATA)
ENE-WSW DYKE AT NARSSARSSUAQ (UPTON,UNPUB DATA) 
ENE-WSW DYKE AT NARSSARSSUAQ (UPTON,UNPUB DATA) 
i ENE-WSW DYKE AT NARSSARSSUAQ (UPTON,UNPUB DATA) 



































































































































































































































































































































































































































( UPTON, UNPUB DATA)
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29 86192,LAMPROPHYRE DYKE AT NEAR KUNGNAT (UPTON,UNPUB DATA)




























































































































































D1 STARTING MATERIALS AND SAMPLE PREPARATION.
Two powders (186228, 181921), previously ground in a WC tema for XRF 
analysis, were provided by B.G.J. Upton. Further grinding was carried out under 
acetone in an agate micronising mill, which reduced all crystals, except 
phlogopite and, or, amphibole, to <20um. These powders were used for all 
atmospheric pressure experiments. For the high pressure experiments, the 
powders were reduced at an oxygen fugacity close to the IW-buffer for -24hrs 
at 1000°C and atmospheric pressure. The powders were then reground under 
acetone and stored at 110°C throughout the period of study.
D2 ATMOSPHERIC PRESSURE: EXPERIMENTAL TECHNIQUE.
D2.1 Apparatus.
Atmospheric pressure experiments were carried out in a vertical quench 
furnace. Temperature control was maintained by a Pt/Pt13%Rh thermocouple 
embedded close to the furnace heating element and linked to a West 
Instruments Ltd. Viscount controller, capable of maintaining the temperature to 
within ± 0.15°C. The furnace design (Biggar and O'Hara, 1969) produces a small 
(<0.5°C at ~1164°C, Humphries, 1975) horizontal temperature gradient, while 
the vertical thermal profile is unique to each furnace and to the conditions used 
(Fig. D1).
D2.2 Temperature Measurement.
Run temperature was monitored using a second thermocouple (Pt/Pt13%Rh) 
located ~0.5cm above the samples. The thermocouple e.m.f. was measured 
with respect to an ice-water junction, by means of a precision potentiometer 
and galvanometer. Due to the distance between the measuring thermocouple 
and the samples and to the thermocouple deterioration with time, the 
thermocouple was calibrated at regular intervals (-every 10 runs) at the melting 
point of anorthite-wollastonite-gehlenite (1275.8± 1.8°C, Humphries and Biggar, 




Oxygen fugacity within the air-tight furnace assembly was controlled using 
H2 and C02 gas mixtures. Together, the gases pass upwards through the 
furnace at -1cm sec" 1 , their relative proportions being measured by a 
katharometer prior to entry into the furnace. The ratios needed to obtain the 
desired oxygen fugacities (i.e. close to the NNO buffer, Fig. D2) were read 
directly from the tables compiled by Deines et al., (1974). The furnace oxygen 
fugacity was usually recorded by a calibrant in the form of NiO powder on a Ni 
wire, which was held close to the samples within the furnace. The position of 
the Ni-NiO equilibrium estimated during the above procedure agrees well with 
the equation given by Eugster and Wones, (1962) Fig. D2.
D2.4 Sample Holders.
Samples were held in the furnace on a 0.2mm diameter, Fe-saturated Pt-wire 
(Walker et al., 1979). The Fe-recovery from four samples held on a 
pre-saturated Pt wire were measured by the method described by Graham and 
Saunders, (1978) and were found to range from 93.4% to 101.2%, at a 
temperature of 1213°C and a run duration of 20hr (Table D1). However, at 
higher temperatures, when the viscosity of the liquid was low, only a small 
proportion of the initial sample remained on the wire and under such conditions 
Fe-losses may be high. Furthermore, EMP analysis of liquidus and near-liquidus 
experimental glasses reveals substantial alkali losses (e.g. 100% Na2O, ~80% 
K£0, Table D1), which cannot be totally attributed to diffusion during EMP 
analysis. Alkali losses have been noted by Corrigan and Gibb, (1979) and 
Donaldson et al., (1975b), who used a similar experimental technique.
D2.5 Experimental Procedure.
Prior to each experiment, the furnace was kept at the required temperature 
for several hours and preferably overnight. Moist samples and the Ni-NiO buffer 
calibrant were loaded onto the axial probe assembly and lowered into the 
furnace. The relative gas proportions were adjusted and the sample gradually 
lowered to the required depth (Fig. D2). A lowering rate of ~3cm/15 min was 
used until the samples reached a depth 3cm above their run position, where 
they remained for a period of 1hr. The samples were then lowered at 
1cm/10min and at 0.5cm/10min for the last two lowerings, until the required run 
position was attained. This procedure avoids rapid thermal fluctuations within 
the furnace. The duration of the experiments varied from 3hr to 27hr, after 
which time the samples were rapidly quenched in water by fusing the supporting
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wires which attached the samples to the axial probe assembly. No quench 
crystallisation occurred in the experimental charges.
Phases were identified by reflected and transmitted light examination and 
EMP analysis, (Appendix B), while X.R.D. techniques were also used for phase 
identification at temperatures close to the solidus. After polishing with Y'A'z^S 
on a soft cloth lap, the phases were readily identified using reflected light; 
olivine appears pink and with high relief; pyroxenes have lower relief and are 
grey, while leucite appears darker than the surrounding glass and appears to 
have no relief. The abundant spinels are always readily recognised in reflected 
or transmitted light.
D3 HIGH PRESSURE: EXPERIMENTAL TECHNIQUE.
D3.1 Apparatus.
High pressure experiments (>10kb) were carried out using piston-in-cylinder 
apparatus, similar in design to that described by Boyd and England, (1963). The 
half-inch diameter, high-pressure cell consisted of an outer talc sleeve, 
surrounded by Pb-foil (coated with "Molykote" U-n lubricant), and an inner Pyrex 
sleeve, isolating the graphite furnace from the hydrous talc sleeve (Fig. D3). 
The sample container was surrounded by an alumina supporting tube and 
located in the hot-spot of the graphite furnace by means of a lower solid 
alumina rod and an upper alumina tube, through which the Pt/Pt13%Rh 
thermocouple and its sheath passed. The thermocouple tip was prevented from 
touching the sample container by a thin alumina disc. The temperature was 
controlled to within ± 0.5°C of the desired value by means of a Eurothem 
temperature controller connected to the Pt/Pt13%Rh thermocouple.
D3.2 Pressure and Temperature Measurement.
Pressure was measured to ± SObars by a Heise Bourdon-tube gauge, while 
temperature was measured from the controlling thermocouple located ~3mm 
from the centre of the sample, by means of a precision potentiometer and 
galvanometer, with reference to an ice-water junction. No pressure correction 
was applied to the thermocouple e.m.f..
Temperature gradients across the 2mm sample container may be estimated 
to be ~10°C, using twin thermocouples located in the position normally 
occupied by the sample. During the measurement of these gradients, it became 
apparent that the Pt/Pt13%Rh thermocouples occasionally deteriorated with time. 
Similar effects had been noted by Boyd et al., (1964) and were attributed to
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thermocouple contamination, resulting in apparent drift rates of ~60°Chr~ 1 at 
1700°C. W/W26%Re thermocouples are generally regarded as being less prone 
to contamination (Presnall et al., 1973) and may therefore be used to monitor the 
e.m.f. drift in the Pt/Pt13%Rh thermocouple. The results of several experiments 
utilising different thermocouples and thermocouple configurations are presented 
in Fig. D3 and clearly show the rather variable and unpredictable e.m.f. of the 
Pt/Pt13%Rh thermocouples, even at these relatively low temperatures (~1300°C) 
and short run durations (~5hr). The distance between thermocouple tips can 
only be measured before and after the experiment will not be the same at high 
pressures and may change during the course of the experiment (Presnall et al., 
1973), but it is clear from Fig. D3, that over an approximate distance of ~6mm 
there is a gradient of ~40-50°C. More significant, however, is the rapid 
thermocouple drift (presumably in the e.m.f. from the Pt/Pt13%Rh thermocouple 
invariably used as the temperature controlling thermocouple) when a boron 
nitride, rather than a pyrex outer sleeve, is used. Confirmation of these findings 
is required, and in retrospect the use of W/W26%Re thermocouples would have 
been a more satisfactory choice of thermocouple for high temperature, long 
duration, experiments.
D3.3 Sample Containers.
Molybdenum and graphite capsules, both machined from solid rods, have 
been used during the course of this study. Molybdenum capsules have been 
successfully employed at atmospheric pressure (Biggar, 1974), in internally 
heated gas-media pressure vessels (e.g. Boivin et al., 1981) and in 
piston-in-cylinder apparatus (Nishikawa et al., 1970). All glass compositions in 
this study suffered molybdenum gain ( — 2wt%MoO2- although it was not always 
measured), while the molybdenum capsule suffered a slight Fe-gain (~0.5 wt.%). 
Mo02 gain of up to ~0.5% has previously been reported for Ca-rich basic 
compositions (Boivin et al., 1981). Furthermore, capsules frequently (-3 runs out 
of 10) fractured during the course of the experiment, presumably due to the 
brittle nature of the metal, resulting in the melt extruding from the collapsed 
capsule and reacting with the outer alumina ceramic supporting ring. The brittle 
failure of capsules has been suspected in Pt-containers, where extensive 
alloying with the melt resulted in capsule failure under pressure (Wendlandt and 
Mysen, 1980). Reconnaissance experiments using a Pt-Fe alloy as a capsule 
container, not only resulted in variable and unpredictable Fe-losses, but also 
resulted in failure with run durations of ~4hr at near-liquidus temperatures, 
confirming the suspicions of Wendlandt and Mysen, (1980). Later experiments in
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this study invariably used graphite as a sample container, despite its potential 
for allowing the ingress of water and hence lowering the liquidus temperature 
(Bultitude and Green, 1971; Maaloe and Jakobsson, 1980).
The piston-in-cylinder apparatus used in this study has been calibrated 
previously using the melting point of diopside (e.g. Howells, 1976). The results 
of these calibrations are presented in Fig. D4 and are reaffirmed by the new 
data obtained in this study, which uses a slightly different high pressure cell 
than the earlier work (i.e. pyrex rather than boron nitride, and graphite rather 
than Pt sample containers). The melting point of diopside determined in this 
study coincides with the determinations made in other laboratories (Fig. D4), so 
no pressure or temperature correction has been applied to the experimental 
results presented. However, run durations in excess of 2hrs. appear to give 
consistently lower (~40°C), but erratic, melting temperatures compared with the 
experiments of <10min duration. Similar findings have been reported by Boyd 
and England, (1963), and Presnall et al., (1973) and attributed to thermocouple 
poisoning. This appears to be a likely cause at these high temperatures, when 
the thermocouple drifts outlined above are considered, but the effects of the 
ingress of water into the capsule cannot be dismissed. It is also noted that 
graphite capsules are prone to failure, resulting in AI2O3 contamination of the 
charge (Biggar pers. comm; Presnall et al., 1973) and critical calibration runs in 
future studies should be checked for AI203 by EMP analysis. Rarely, AI2O3 gain 
has been detected in liquidus runs in the natural compositions studied.
D3.4 Oxygen Fugacity.
Using graphite capsules, the dry sample is buffered by the graphite heater 
and sample container. Bickle, (1978) has shown that pre-reduced dry samples 
will retain their initial oxidation state during the course of the experiments and 
confirmed that the sample is buffered in the stability field of wustite, as 
proposed by Thompson and Kushiro, (1972). Using molybdenum capsules, the 
sample will be buffered at the equilibrium between Mo-FeO, assuming that the 
sample is dry and hydrogen diffusion from the furnace cell is minimal.
D3.5 Experimental Procedure.
The sample was loaded into the molybdenum or graphite capsules and 
stored at 110°C until required. Immediately prior to the experiment the graphite 
heater, ceramics and sample container (with powder) were assembled and 
thoroughly dried at 900°C in nitrogen for a period >1hr. After this period, the 
furnace assembly was loaded into the pressure vessel and pressurised to ~5kb
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above the desired run pressure, accounting for the drop in pressure which 
occurs during heating of the furnace assembly. The sample was heated, either 
straight to the desired temperature (melting experiment), or taken ~10°C above 
the estimated liquidus and then, after —lOmin, cooled slowly (within ~2-3min) 
to the final run temperature (crystallisation experiment). Pressure was released 
until the desired pressure was attained and adjusted (reduced) for the initial 
period (~ 10-15min), after which the pressure remained roughly constant (hot 
piston-out technique). Temperature and pressure were monitored throughout 
the run duration. The extent of the pressure fluctuation may be gauged from 
inspection of Table 02, where the nominal run pressure is quoted at the 
beginning of each table and the final pressure, prior to quenching, is recorded 
for each run. The experiment was terminated by reducing the power to the 
furnace assembly, resulting in the cooling of the sample to <400°C in ~6 
seconds.
The capsule was extracted and embedded in Araldite, prior to vertical 
sectioning and polishing. Phases were provisionally identified in reflected light 
and confirmed by EMP analysis. Textural criteria alone was used to distinguish 
quench olivine, the only quench product, from primary olivine crystals.
D3.6 Experimental Results.
No difference was detected, within experimental and analytical error, in the 
phase assemblages or compositions synthesised at 18kb and ~1450°C, in using 
either the melting or crystallisation procedures, although texturally the run 
products were quite distinct. Close to the liquidus, melting experiments resulted 
in a multitude of miniscule crystals and feathery quench products, while 
crystallisation experiments resulted in fewer, larger crystals varying in habit from 
equant, hopper or chain olivines, and a subordinate amount of quench 
crystallisation, confined to thin (<1-3um) borders on larger, primary crystals.
It is generally recognised that at atmospheric pressure a liquid may be 
cooled below its equilibrium liquidus temperature without nucleation of the 
liquidus phase (e.g. Donaldson, 1979; Corrigan, 1982). The delay in olivine 
nucleation may be of the order of several hours and is dependant on the melt 
composition, the degree of supercooling, superheating and cooling rate 
(Donaldson, 1979). At higher pressures (~20kb), the variation in incubation 
times and nucleation temperatures are not known. It is suggested that the low 
degree of superheating, low viscosity of the liquid (-1 poise at 1400°C), long 
run times (usually between 2-4hr) and high pressures, may have minimised 
these problems in this study.
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The uniformity of olivine and clinopyroxene compositions synthesised at 
near-liquidus conditions and the olivine-glass Fe-Mg exchange coefficient (Kp) 
falling close to the expected value (~0.3± 0.03 cf. Boeder and Emslie, 1970), 
suggest not only that equilibrium may have been attained, but that at 
near-liquidus conditions the glass compositions have not been extensively 
modified by quench crystallisation. This is not the case at lower temperatures 
where glass and mineral compositions are variable. Melting experiments never 
produced a homogeneous glass composition except in liquidus or near-liquidus 
runs. Such results are not unexpected from ultramafic compositions and 
reaffirm Jaques and Greens, (1979) conclusion that quench crystallisation 
precludes the direct determination of liquid compositions using 
piston-in-cylinder apparatus, except at near-liquidus conditions.
D4 TABULATION OF EXPERIMENTAL RESULTS.
Representative mineral analyses and averaged glass compositions (where 
they appear homogeneous) are presented in the following Tables. Each analysis 
title contains the information on experimental conditions, most symbols are self 
explanatory or have been defined previously (Appendix A). An example of an 
analysis title is given below:
RUN,336MEW-181921 -OL,OKB, 1232C,20HR,F-8.43,+GL+SP+CPX.
RUN,336 = experiment number
ME = melting experiment or CE = cooling experiment
W = Pt-Fe wire loop sample container, or MO = molybdenum, or C = graphite
181921 = sample number or 186228
OL = phase analysed, abbreviations as previously defined.
0KB = pressure in kb
1232C = temperature
20HR = duration of the experiment
F-8.43 = oxygen fugacity used, set to 0 for high pressure experiments.
+GL+OL+SP = coexisting phases detected.
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DIOPSIDE CALIBRATION (20kb)


































>90Z GLASS * QUENCH.
>90Z GLASS * QUENCH.
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Fig.D.4 Details of pressure-temperature calibration using diopside in a 
graphite container and a pyrex outer sleeve. The calibration from this 
study (I) are compared to those from previous work (•) (Howells, 1976) 
and those from similar apparatus at the Geophysical Lab. Washington 
(T).
Fig.D.1 Three vertical thermal profiles of an atmospheric pressure 
quench furnace (furnace No. 5), measured with the temperatures 
controlled at 1140°C, 1270°C and 1260°C. The run depth at which the 
experiments were undertaken is illustrated.
Fig.D.2 Oxygen fugacity calibration points compared to the calculated 
temperature- oxygen fugacity conditions for the Ni-NiO and the I-W 
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Fig.D.3 Thermocouple drift using a variety of high pressure cell 
arrangements A,B,C; the change in each cell compared to that A is 
underlined. The control thermocouple (1300°C) was either the lower 
thermocouple, in which case the monitoring thermocouple was colder, 




IRON RECOVERY USING Pt-Fe WIRE SAMPLE HOLDERS. 





















COMPARISON OF STARTING COMPOSITION AND GLASS COMPOSITION
SAMPLE -.186228 
TEMPERATURE: U46C 
LOG f02 : -5.08 
PRESSURE : 1ATM 
DURATION : 3HRS
































TABLE O2 ATMOSPHERIC PRESSURE: EXPERIMENTAL RESULTS. 364
SAMPLE 186226. 
EXPERIMENT NO.
PRESSURE 1ATM. f02 Ni/NiO. 


































































































































































































































SAMPLE 181921 PRESSURE 1ATM. f02 Ni/NiO.
























































































-7 38 20 GL+OL+SP
-7.12 18 GL+OL+SP
-7 60 20 GL+OL+SP
-7'42 20 GL+OL+SP
-7.66 20 GL+OL+SP
-7 68 18 GL+OL+SP
-7 86 18 GL+OL+SP
-7"67 18 GL+OL+SP
-8 03 20 GL+OL+SP
-8 03 16 GL+OL+SP+PX
-8 "23 20 GL+OL + SP+PX
-8 31 27 GL+OL+SP+PX






Si02 40.41 40.29 41.21 39.69 39.45 39.46
Ti02 3.67 3.74 4.57 4.46 4.70 4.64
A1203 6.24 6.74 8.01 7.86 7.98 8.16
Cr203 0.12 nd 0.13 0.05 0.09 0.14
F*0 14.45 15.32 14.08 15.77 15.59 15.64
HnO 0.19 0.21 0.24 0.23 0.25 0.22
MgO 20.71 19.79 14.07 12.70 11.84 12.03
CaO 12.11 12.56 15.49 15.11 15.73 15.90
Na20 nd nd nd nd nd 0.12
K20 0.04 0.20 0.06 1.18 1.28 0.76
P205 0.09 0.10 0.16 0.38 0.48 nd
total= 98.03 98.95 98.02 97.43 97.39 97.07
1 RUN . 626MEW- 1 81 921 -GL , 0KB , 1 462C , 3HR . F-4 . 94 , +GL+OL
2 RUN , 624MEW- 1 81 92 1 -GL , 0KB , 1 446C , 3HR , F-5 . 08 , +GL +OL
3 RUN 1 637MEW-181921-GL,OKB,1338C,20HR,F-6.66 1 +GL+OL+SP
4 RUN . 619MEW-181921-GL , 0KB , 1319C , 3HR, F-6. 35 , +GL+OL+SP
5 RUN,617MEW-181921-GL 1 OKB,1303C,3HR,F-6.93 1 +GL+OL+SP
6 RUN , 653MEW- 1 81 921 -GL , 0KB , 1 302C , 20HR , F-6 . 55 , +GL+OL+SP
7 RUN , 654MEW-181921-GL , 0KB , 1294C, 18HR , F-5 . 88 , +GL+OL+SP
6 RUN , 655MEW- 1 81 921 -GL , 0KB , 1 284C , 24HR , F-6 . 53 , +GL+OL+SP
9 RUN , 635MEW-181921 -GL , 0KB , 1277C , 21HR , F-7 . 1 4 , +GL+OL+SP
10 RUN , 656MEW-1 81 921 -GL , 0KB , 1 272C , 20HR , F-6 . 89 , +GL+OL+SP
11 12 13 14 15 16
Si02 40.16 39.26 39.01 40.41 41.02 40.47
Ti02 4.94 5.31 5.11 5.33 5.51 5.32
A1203 8.64 9.07 8.93 9.10 9.50 9.52
Cr203 0.10 nd nd 0.10 0.07 0.06
FeO 15.62 14.79 14.17 14.09 12.72 14.11
HnO 0.23 0.23 0.22 0.15 0.22 0.07
MgO 10.68 9.44 8.48 8.84 9.32 8.00
CaO 16.49 17.04 17.10 17.89 17.85 18.18
Na20 0.19 0.37 0.15 nd 0.13 0.21
K20 1.16 1.20 1.50 0.94 0.96 1.89
P205 0.49 0.54 0.44 nd 0.42 0.65
total= 98.70 97.25 95.11 96.85 97.72 98.48
11 RUN,657MEW-181921-GL.OKB ) 1266C ( 18HR 1 F-6.B9,+GL«-OL+SP
12 RUN , 659MEW- 1 81 921 -GL , 0KB , 1 235C , 20HR , F-7 . 38 , +GL+OL+SP
13 RUN .660MEW-1 81921 -GL , 0KB ,1217C,20HR, F-7. 60, +GL+OL+SP
14 RUN , 638MEW- 1 81 92 1 -GL , 0KB , 1 2 1 3C , 20HR , F-7 . 42 , +GL+OL+SP
15 RUN , 627MEW-1 81921 -GL , 0KB , 1 21 OC , 20HR , F-7 . 66 , f GL-t-OL+SP
16 RUN . 661 MEW- 1 81 921 -GL , 0KB , 1 1 99C , 1 8HR , F-7 . 86 , +GL+OL+SP
17 RUN , 662MEW-1 81 921 -GL , 0KB , 1 166C , 27HR . F-8 . 31 , +GL+OL+SP+PX
18 RUN , 628MEW- 1 8 1 921 -GL , 0KB , 1 1 59C , 20HR , F-8 . 25 , +GL+OL+SP+PX+LC
19 RUN,668MEW-181921-GL,OKB.1156C.18HR,F-8.25,-t-GL+OL + SP+PX+LC
OLIVINE ANALYSES
20 21 22 23 24 25
Si02 40.95 40.74 40.78 40.71 41.27 40.32
Ti02 0.22 nd nd 0.13 nd 0.13
A1203 nd nd nd nd nd nd
F«0 8.60 8.74 11.21 11.73 11.24 12.84
MnO nd 0.16 0.23 0.15 nd 0.15
NiO 0.21 0.15 0.40 0.41 0.39 0.22
MgO 49.64 49.37 47.08 47.08 46.90 46.40
CaO 0.55 0.68 0.73 0.71 0.69 0.53
total= 100.17 99.84 100.43 100.92 100.49 100.59
20 RUN , 624MEW-1 81 921 -OL , 0KB , 1 446C , 3HR , F-5 . 08 , +GL+OL
21 RUN , 624MEW- 1 81 921 -OL , 0KB , 1 446C . 3HR , F-5 . 08 , + GL+OL
22 RUN,637MEW-181921-OL,OKB, 1338C ,20HR, F-6.66, +GL+OL+SP
23 RUN,637MEW-181921-OL,OKB,1338C.20NR.F-6.66,+GL+OL+SP
24 RUN , 637MEW-1 81 921 -OL , 0KB , 1 338C , 20HR , F-6 . 66 . +GL+OL+SP
25 RUN , 637MEW- 1 81 921 -OL , 0KB , 1 338C , 20HR , F-6 . 66 , +GL+OL+SP
26 RUN,637MEW-18192l-OL ) aKB.1338C,20HR l F-6.66,+GL+OL+SP
27 RUN,619MEW-181921-OL,OKB,1319C,3HR l F-6.35,-t-GLt-OL+SP
28 nUN.G19MEW-181921-OL,OKB,1319C,3HR,F-6.35,+GL+OL+SP





































































































































30 31 32 33 34 35Si02 40.40 40.33 40.12 40.29 40.34 40.15 
Ti02 0.19 nd nd 0.13 nd 0.14 
FeO 12.99 13.05 13.23 13.00 12.98 13.52 
MnO nd 0.16 0.17 0.19 0.30 0.24 
NiO 0.27 0.36 0.35 0.38 0.18 0.32 
MgO 46.23 45.76 46.43 46.34 46.20 45.24 
CaO 0.80 0.30 0.90 0.90 0.86 0.82
total= 100.88 100.56 101.20 101.23 100.86 100.43
30 RUN , 61 7MEW-1 81 921 -OL , 0KB , 1 303C , 3HR , F-6 . 93 , +GL+OL+SP 
31 RUN, 617MEW-1 81921 -OL, 0KB, 1303C.3HR, F-6. 93, +GL+OL+SP 
32 RUN , 653MEW- 1 81 921 -OL , 0KB , 1 302C , 20HR , F-6 . 55 , +GL+QL+SP 
33 RUN , 653MEW- 1 81 921 -OL , 0KB , 1 302C , 20HR , F-6 . 55 , +GL+OL+SP 
34 RUN , 653MEW- 1 8 1 921 -OL , 0KB , 1 302C , 20HR , F-6 . 55 , +GL+OL+SP 
35 RUN 1 653MEW-181921-OL I QKB,1302C,20HR 1 F-6.55 1 +GL+OL+SP 
36 RUN , 654MEW-1 81 921 -OL , 0KB , 1 294C , 1 8HR , F-5 . 88 , +GL+OL+SP 
37 RUN , 654MEW- 1 8 1 921 -OL , 0KB , 1 294C , 1 8HR , F-5 . 88 , +GL+OL+SP 
38 RUN.654MEW-181921-OL.OKB, 1294C, 18HR.F-5.88.+GL+OL+SP 
39 RUN , 655MEW-1 81 921 -OL , 0KB , 1 284C , 24HR , F-6 . 53 , +GL+OL+SP
40 41 42 43 44 45 
Si02 40.40 40.84 40.24 40.12 40.52 40.65 
Ti02 0.14 nd 0.11 0.12 0.16 nd 
FeO 13.27 13.34 13.59 13.55 13.41 13.18 
MnO 0.24 0.24 0.22 0.25 0.19 0.25 
NiO 0.38 0.46 0.42 0.38 0.44 0.30 
MgO 46.22 45.79 46.05 45.12 45.53 46.29 
CaO 0.83 0.78 0.87 0.86 0.84 0.84
total= 101.48 101.45 101.50 100.40 101.09 101.51
40 RUN , 655MEW-1 81 921 -OL , 0KB , 1 284C , 24HR , F-6 . 53 , +GL+OL+SP 
41 RUN , 655MEW-1 81 921 -OL , 0KB , 1 284C , 24HR , F-6 . 53 , +GL+OL+SP 
42 RUN.655MEW-181921-OL.OKB, 1284C,24HR, F-6.53 , +GL+OL+SP 
43 RUN , 655MEW-1 81 92 1 -OL , 0KB , 1 284C , 24HR , F-6 . 53 , +GL+OL+SP 
44 RUN .655MEW-1 81921 -OL, 0KB, 1284C.24HR, F-6. 53, +GL+OL+SP 
45 RUN,635MEW-181921-OL,OKB,1277C,21HR,F-7.14,+GL+OL+SP 
46 RUN .659MEW-1 81921 -OL , 0KB, 1235C, 20HR, F-7 . 38 ,+GL+OL+SP 
47 RUN,659MEW-181921-OL 1 OKB,1235C 1 20HR 1 F-7.38,H-GL+OL+SP 
48 RUN, 660MEW-1 81921 -OL, 0KB, 121 70,20^^-7. 60 ,+GL+OL+SP 
49 RUN , 660MEW- 1 81 921 -OL , 0KB , 1 21 7C , 20HR , F-7 . 60 , +GL+QL+SP
50 51 52 53 54 55 
Si02 40.05 40.32 39.94 40.16 40.16 38.60 
Ti02 0.17 0.25 nd 0.14 0.19 0.25 
FeO 15.16 14.87 13.79 14.07 16.86 19.52 
MnO 0.20 0.19 0.22 0.15 0.17 0.35 
NiO 0.78 0.70 1.05 1.21 0.25 0.27 
MgO 43.30 42.20 43.96 44.77 43.41 39.41 
CaO 1.00 1.13 0.97 0.95 0.90 1.07
total= 100.66 99.66 99.93 101.45 101.94 39.47
50 RUN , 638MEW 1 81 921 -OL , 0KB , 121 3C , 20HR , F-7 . 42 , n GL+OL + SP 
51 RUN , 638MEW-181921 -OL , 0KB , 1 21 3C , 20HR , F-7 . 42 , +GL+OL+SP 
52 RUN,627MEW-181921-OL,OKB,1210C,20Hn,F-7.66,+GL-t-OL + SP 
53 RUN,627MEW-181921-OL,OKB,1210C l 20HR l F-7.66,+GL+OL+SP 
54 RUN , 661 MEW-1 81 921 -OL , QKB , 1 1 99C , 1 8HR , F-7 . 86 , +GL+OL+SP 
55 RUN .668MEW-1 81921 -OL, 0KB, 1156C, 18HR.F-8. 25 ,+GL+QL+SP+PX+LC 
























































58 RUN,655MEW-181921-SP l OKB,1284C,24HR,F-6.53 l +GL-t-OL
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63 RUN 684MEW-101921-LC,C1KG, 1159C,20Hn,F-8.25,+GL+OL+SP+PX+LC
367
SAMPLE 186228. PRESSURE 1ATM. f02 Ni/NiO
GLASS ANALYSES.
64 65 66 67 66 69
Si02 38.59 39.09 38.47 38.32 37.38 38.10
Ti02 6.50 7.11 7.13 7.09 7.23 7.30
A1203 6.85 7.48 7.38 7.65 7.89 7.80
Cr203 0.06 0.19 nd nd nd 0.03
FeO 17.67 17.23 17.67 18.09 17.92 17.54
MnO 0.20 0.18 0.21 0.22 0.19 0.25
MgO 16.17 13.66 12.62 11.63 11.62 11.09
CaO 11.37 12.57 12.52 12.70 12.77 13.12
Na20 nd nd 0.41 0.58 0.34 0.30
K20 0.24 0.30 0.85 1.06 0.95 1.08
P205 nd nd 0.17 0.32 0.19 nd
total= 97.65 97.81 97.43 97.66 96.48 96.61
64 RUN , 624MEW- 1 86228-GL , 0KB , 1 446C , 3HR , F-5 . 08 , +GL
65 RUN , 637MEW- 1 86228-GL , 0KB , 1 338C , 20HR , F-6 . 66 , +GL+OL
66 RUN , 61 9MEW-1 8622B-GL , 0KB . 1 319C , 3HR , F-6 . 35 , +GL+OL
67 RUN,617MEW-186228-GL,OKB I 1303C,3HR l F-6.93,+GL+OL
68 RUN,653MEW-18622B-GL,OKB,1302C,20HR,F-6.55,+GL+OL
69 RUN , 654MEW- 1 86228-GL , 0KB , 1 294C , 1 8HR , F-5 . 88 , +GL+OL
70 RUN , 655MEW- 1 86228-GL , 0KB , 1 284C , 24HR , F-6 . 53 , + GL+OL
71 RUN , 635MEW-1 86228-GL , 0KB , 1 277C , 21 HR , F-7 . 1 4 , +GL+OL
72 RUN , 656MEW-1 86228-GL , 0KB , 1 272C , 20HR , F-6. 89 , +GL+OL+SP
73 RUN , 657MEW-1 86228-GL , 0KB , 1 266C , 20HR , F-6 . 89 , +GL+OL+SP
74 75 76 77 78 79
Si02 37.40 38.04 36.93 37.38 38.68 37.33
Ti02 7.63 7.97 8.03 8.04 7.93 8.33
A1203 8.19 8.67 8.28 8.58 8.88 9.05
Cr203 0.08 0.04 nd 0.24 nd 0.06
FeO 17.65 17.89 17.69 17.30 17.04 17.25
MnO 0.17 0.21 0.17 0.13 0.16 0.18
MgO 9.12 8.83 8.28 8.48 8.74 7.95
CaO 13.73 14.16 14.04 14.04 14.34 14.46
Na20 0.49 0.67 1.02 0.97 0.63 1.09
K20 1.25 1.22 1.38 1.42 1.09 1.51
P205 nd 0.35 0.37 0.31 0.32 0.29
total= 95.71 98.05 96.19 96.89 97.81 97.50
74 RUN , 658MEW- 1 86228-GL , 0KB , 1 245C , 20HR , F-7 . 08 , +GL+OL+SP
75 RUN , 659MEW- 1 86228-GL , 0KB , 1235C , 20HR , F-7 . 38 , +GL+OL+SP
76 RUN , 660MEW- 1 86228-GL , 0KB , 1 2 1 7C , 20HR , F-7 . 60 , +GL+OL+SP
77 RUN , 638MEW-1 86228-GL , 0KB , 1 21 3C , 20HR , F-7 . 42 , +GL+OL+SP
78 RUN , 627MEW- 1 86228-GL , 0KB , 1 21 OC , 20HR , F-7 . 66 , +GL+OL+SP
79 RUN , 661MEW- 1 86228-GL . 0KB , 1 1 99C , 1 8HR , F-7 . 86 , +GL+OL+SP
80 RUN, 662MEW-1 86228-GL, 0KB, 1 166C.27HR, F-8 .31 ,+GL+OL+SP
81 RUN , 628MEW-1 8C228-GL , 0KB , 1 1 59C , 20HR , F-8 . 25 , +GL+OL+SP
82 RUN , 67 1 MEW- 1 86228-GL , 0KB , 1 1 46C , 20HR , F-8 . 09 , +GL+OL+SP+PX






MnO 0 . 20
MgO 5 . 45
CaO 12.97
Na20 1 . 79
K20 2 . 43













































































































85 86 87 88 89 90
Si02 40.15 40.15 40.96 40.05 39.87 40.30
Ti02 nd 0.27 0.24 0.19 0.11 nd
FeO 13.30 14.53 13.55 13.76 14.57 14.74
HnO 0.14 0.19 0.20 0.23 0.28 0.12
MiO 0.24 0.27 0.25 0.19 0.25 0.44
HgO 46.15 43.92 45.06 44.98 44.81 44.69
CaO 0.57 0.78 0.58 0.68 0.65 0.63
total= 100.55 100.11 100.84 100.08 100.54 100.92
85 RUN , 61 9MEW- 1 86228-OL , 0KB , 1 319C , 3HR , F-6 . 35 , +GL+OL
86 RUN, 61 7MEW-1 86228-OL, 0KB, 1303C.3HR, F-6. 93, +GL+OL
87 RUN , 636MEW- 1 86228-OL , 0KB , 1 303C , 20HR , F-6 . 67 , +GL+OL
88 RUN , 636MEW- 1 86228-OL , 0KB , 1 303C , 20HR , F-6 . 67 , +GL+OL
89 RUN , 653MEW- 1 86228-OL , 0KB , 1 302C , 20HR , F-6 . 55 , -t-GL+OL
90 RUN , 654MEW- 1 86228-OL , 0KB , 1 294C , 1 8HR , F-5 . 88 , +GL+OL
91 RUN , 654MEW-1 86228-OL , 0KB , 1 294C , 1 8HR , F-5 . 88 , +GL+OL
92 RUN , 655MEW- 1 86228-OL , 0KB , 1 284C , 24HR , F-6 . 53 , +GL+OL
93 RUN , 655MEW- 1 86228-OL , 0KB , 1 284C , 24HR , F-6 . 53 , +GL+OL
94 RUN , 655MEW- 1 86228-OL , 0KB , 1 284C , 24HR , F-6 . 53 , +GL+OL
95 96 97 98 99 100
Si02 40.64 39.87 40.17 39.80 39.31 40.21
Ti02 0.14 0.20 0.14 0.19 0.26 0.25
FeO 15.41 15.55 15.63 15.30 15.05 15.52
MnO 0.16 0.17 0.34 0.15 0.22 0.33
NiO 0.16 0.30 nd 0.37 0.36 0.38
MgO 44.24 43.57 43.95 44.18 44.28 44.10
CaO 0.69 0.65 0.67 0.62 0.70 0.77
totals 101. 44 100.31 100.90 100.61 100.18 101.56
95 RUN , 655MEW- 1 86228-OL , 0KB , 1 284C , 24HR , F-6 . 53 , +GL+OL
96 RUN,635MEW-186228-OL,OKB, 1277C.21HR.F-7. 14,+GL+OL
97 RUN , 635MEW- 1 86228-OL . 0KB , 1 277C , 21 HR , F-7 . 1 4 , +GL+OL
98 RUN , 656MEW- 1 86228-OL , 0KB , 1 272C , 20HR , F-6 . 89 , +GL+OL+SP
99 RUN, 656MEW-1 86228-OL, 0KB ,1272C,20HR, F-6. 89 ,+GL+OL+SP
100 RUN , 657MEW- 1 86228-OL . 0KB , 1 266C , 20HR , F-6 . 89 , +GL+OL+ SP
101 RUN , 657MEW-1 86228-OL , 0KB , 1266C , 20HR , F-6 . 89 , +GL+OL+SP
102 RUN , 658MEW- 1 86228-OL , 0KB , 1 245C , 20HR , F-7 . 05 , +GL+OL+SP
103 RUN , 659MEW- 1 86228-OL , 0KB , 1 235C , 20HR . F-7 . 38 , +GL+OL+SP
104 RUN , 659MEW- 1 86228-OL , 0KB , 1235C , 20HR , F-7 . 38 , +GL+OL+SP
105 106 107 108 109 110
Si02 39.78 39.07 38.86 39.64 38.97 39.19
Ti02 0.19 0.20 0.29 0.18 0.17 0.18
A1203 nd nd nd nd nd 0.32
FeO 18.10 18.02 17.87 17.30 17.24 17.71
HnO 0.22 0.22 0.14 0.12 0.28 0.26
NiO 0.17 0.22 0.23 0.30 0.24 0.39
MgO 41.32 41.17 41.21 42.08 42.48 41.47
CaO 0.86 0.76 0.72 0.83 0,72 0.74
total= 100.64 99.66 99.32 100.45 100.10 100.26
105 RUN , 659MEW- 1 86228-OL , 0KB , 1 235C , 20HR , F-7 . 38 , +GL+OL+SP
106 RUN , 660MEW- 1 86228-OL , 0KB , 1 2 1 7C , 20HR , F-7 . 60 , +GL + OL +SP
107 RUN , 660MEW- 1 86228-OL , 0KB , 1 2 1 7C , 20HR , F-7 . 60 , +GL+OL+SP
108 RUN , 638MEW- 1 86228-OL , 0KB , 121 3C , 20HR , F-7 . 42 , +GL+OL+SP
109 RUN , 638MEW- 1 86228-OL , 0KB , 1 21 3C , 20HR , F-7 . 42 , +GL+OL+SP
110 RUN , 638MEW-1 86228-OL , 0KB , 1 21 3C , 20HR , F-7 . 42 , +GL+OL+SP
111 RUN,627MEW-186228-OL,OKB l 1210C,20HR,F-7.66,i-GL+OL+SP
112 RUN ,661hEW-186228-OL , 0KB , 1 199C , 18HR , F-7 . 86 , +GL+OL+SP
113 RUN , 661 MEW-1 86228-OL , 0KB , 1 1 99C , 1 8HR , F-7 . 86 . +GL+OL+SP
114 RUN , 661 MEW- 1 86228-OL , 0KB , 1 1 99C , 1 8HR , F-7 . 86 . +GL+OL + SP
115 116 117 118 119
Si02 39.20 38.83 38.96 39.57 38.55
Ti02 0.15 0.20 0.20 0.13 0.51
A1203 nd nd nd nd 0.38
FeO 20.59 19.90 20.24 19.42 20.89
MnO 0.30 0.30 0.22 0.31 0.22
NiO 0.22 0.46 0.30 0.21 0.17
MgO 40.36 41.12 40.57 40.40 38.41
CaO 0.60 0.87 0.56 0.46 0.95






















































































































OL.OKB, 1166C,27HR,F-8.31 ,+GL+OL+SP 
OL,0KB,1159C,20HR,F-8.25,+GL+OL + SP 
OL,OKB, 1159C,20HR,F-8.25,t-GL+OLt-SP 
OL,0KB,1146C,20HR,F-8.09,*GL+OL+SP+PX 
OL , 0KB , 1135C , 18HR, F-8.54 , t-GL+OL+SP-t-PX+LC
369
SPINEL ANALYSES.
120 121 122 123 124 125 126 
Si02 0.21 1.39 0.36 0.32 0.39 0.13 0.13 
Ti02 14.28 20.08 23.68 24.03 24.00 24.66 24.73 
A1203 7.33 5.05 4.79 4.90 5.05 5.18 5.32 
Cr203 10.19 0.73 0.84 - 0.93 0.81 0.57 0.54 
FeO 53.01 58.53 56.90 56.91 57.24 57.40 57.58 
MnO 0.17 0.30 0.21 0.24 0.40 0.33 0.35 
NiO nd nd nd nd nd 0.25 0.24 
MgO 10.01 8.45 7.99 7.63 7.85 8.03 8.17 
CaO nd nd 0.37 nd nd nd nd
totals 95.20 94.53 95.14 94.96 95.74 96.55 97.06
120 RUN , 638MEW- 1 86228-SP , 0KB , 1 21 3C , 20HR , F-7 . 42 , + GL+OL+SP 
121 RUN , 671MEW- 1 86228-SP , 0KB , 1 1 46C , 20HR , F-8 . 09 , +GL+OL+SP+PX 
122 RUN,669MEW-186228-SP,OKB,1l38C,20HR,F-8.51,+GLt-OL+SP+PX 
123 RUN , 669MEW-1 86228-SP , 0KB , 1 13BC , 20HR , F-8 . 51 , +GL+OL+SP+PX 
124 RUN , 669MEW-1 86228-SP , 0KB , 1 138C , 20HR , F-8 .51 , +GL+OL+SP+PX 
125 RUN , 667MEW-1 86228-SP , 0KB , 1 135C , 1 8HR , F-8 . 54 , +GL+OL+SP+PX+LC 
126 RUN , 667MEW-1 86228-SP , 0KB , 1 1 35C , 1 8HR , F-8 . 54 , +GL+OL+SP+PX+LC 
127 RUN , 667MEW- 1 86228-SP , 0KB , 1 1 35C , 1 8HR , F-8 . 54 , +GL+01+SP+PX+LC 
128 RUN , 667MEW- 1 86228-SP , 0KB , 1 1 35C , 1 8HR , F-8 . 54 , +GL+OL+SP+PX+LC 
129 RUN , 667MEW- 1 86228-SP , 0KB , 1 1 35C , 1 8HR , F-8 . 54 , +GL+OL+SP+PX+LC
130 131 132 133 134 
Si02 0.16 0.33 0.09 0.08 0.06 
Ti02 24.79 24.91 24.72 24.77 24.61 
A1203 5.15 5.17 5.22 5.16 5.16 
Cr203 0.61 0.59 0.61 0.58 0.58 
FeO 57.04 56.89 57.19 57.32 57.18 
MnO 0.36 0.34 0.35 0.36 0.36 
NiO 0.23 0.23 0.29 0.26 0.30 
HgO 8.17 8.23 8.14 8.14 8.12






































134 RUN, 667MEW-186228-SP, 0KB, 1135C, 18HR, F-8.54, +GL+OL+LC
PYROXENE ANALYSES
135 136 137 138 139 140 141 
Si02 45.60 43.93 47.39 42.93 50.58 48.54 48.90 
Ti02 4.09 4.48 2.72 5.59 1.32 2.18 2.22 
A1203 5.83 6.63 4.28 6.69 2.50 3.51 3.66 
Cr203 nd 0.14 nd 0.24 0.15 0.13 nd 
FeO 6.81 6.95 7.16 9.05 7.20 7.35 7.75 
MnO 0.14 nd 0.17 nd nd 0.19 0.12 
MgO 12.84 12.50 13.45 11.64 14.29 13.68 13.82 
CaO 22.87 22.67 21.69 21.20 22.41 22.22 21.90 
Na20 nd nd nd nd nd nd nd
total= 98.18 97.30 96.86 97.34 98.45 97.80 98.37
135 RUN , 671MEW- 1 86228-PX , 0KB , 1 1 46C , 20HR , F-8 . 09 , +GL+OL+SP+PX 
136 RUN , 669MEW-1 86228-PX , 0KB , 1 1 38C , 20HR , F-8 .51 , +GL+OL+SP+PX 
137 RUN , 669MEW- 1 86228-PX , 0KB , 1 138C , 20HR , F-8 .51 , +GL+OL+SP+PX 
138 RUN.669MEW-186228-PX.OKB, 1 138C.20HR, F-8.51 , +GL+OL+SP+PX 
139 RUN , 667MEW- 1 86228-PX , 0KB , 1 1 35C , 1 8HR , F-8 . 54 , +GL+OL+SP+PX+LC . 
140 RUN.667MEW-186228-PX.OKB, 1135C, 18HR, F-8.54 , +GL+OL+SP+PX+LC. 
141 RUN,667MEW-186228-PX,OKB, 1 135C, 18HR, F-8. 54 , +GL+OL+SP+PX+LC. 





























































144 RUN I 720MEW-186228-GL,OKB,1271C,20HR,F-0.678,+GL+OL+SP
145 RUN,722MEW-186228-GL,0KB,1220C,18HR,F-0.678,+GL+QL+SP+PX
OLIVINE ANALYSES.
U6 H7 U8 149 150 151
Si02 39.44 41.07 41.20 40.92 40.05 41.81
Ti02 0.36 0.13 0.14 0.19 0.46 0.19
FeO 6.56 3.54 2.45 2.79 6.15 2.40
MnO nd nd 0.11 0.13 nd 0.21
NiO 0.39 0.32 0.44 0.42 0.43 0.31
MgO 52.75 53.76 54.31 53.81 52.96 53.80
CaO 0.42 0.44 0.28 0.29 0.42 0.54
total= 99.92 99.26 98.93 98.55 100.47 99.26
146 RUN , 718MEW- 1 86228-OL , OK8 , 1291 C , 20HR , F-0 . 678 , +GUOUSP
1 47 RUN , 71 8MEW- 1 86228-OL . 0KB , 1 291 C , 20HR , F-0 . 678 , +GL+OL+SP
148 RUN , 720MEW- 1 86228-OL , 0KB , 1 271 C , 20HR , F-0 . 678 , +GL+OL+SP
1 49 RUN , 720MEW- 1 86228-OL , 0KB , 1 271 C , 20HR , F-0 . 678 . +GL+OL+SP
150 RUN , 720MEW- 1 86228-OL . 0KB , 1 271 C , 20HR , F-0 . 678 , +GL+OL+SP
151 RUN , 722MEW- 1 86228-OL , 0KB , 1 220C , 20HR , F-0 . 678 , +GLf OL+SP
152 RUN , 722MEW-186228-OL , 0KB . 1 220C , 20HR , F-0 . 678 , +6L+OL+SP
153 RUN , 722MEW-1 86228-OL . 0KB , 1220C , 20HR , F-0 . 678 , +GL+OL +SP
SPINEL ANALYSES
154 155 156 157 158 159
Si02 0.49 0.42 0.38 0.43 0.46 0.36
Ti02 3.56 3.52 3.50 3.51 3.44 3.42
A1203 5.36 5.53 5.44 5.18 4.93 4.95
Cr203 0.28 0.71 0.60 0.51 0.34 0.44
FeO 64.64 64.88 64.93 65.17 64.44 64.65
MnO 0.25 0.28 0.37 0.22 0.20 0.25
MgO 17.84 17.78 17.55 17.59 17.72 17.62
total= 92.42 93.12 92.77 92.61 91.53 91.69
154 RUN,718MEW-186228-SP,OKB,1291C,20HR,F-0.678 I +GL+OL+SP
155 RUN.718MEW-186228-SP.OKB, 1291C.20HR,F-0.678,+GLfOL+SP
156 RUN,718MEW-186228-SP,OKB,1291C,20HR,F-0.678.+GL+OL+SP
1 57 RUN , 720MEW- 1 86228-SP , 0KB , 1 27 1 C , 20HR , F-0 . 678 . +GL +OL+SP
158 RUN , 720MEW- 1 86228-SP , 0KB , 1 271 C , 20HR , F-0 . 678 , +GL+OL + SP
159 RUN , 720MEW- 1 86228-SP , 0KB , 1271 C , 20HR , F-0 . 678 , +GL+OL+SP
160 RUN,722MEW-186228-SP,OKB, 1220C, 18HR, F-0. 678, +GL+OL+SP+PX
161 RUN , 722MEW- 1 86228-SP , 0KB , 1220C , 1 8HR , F-0. 678 , +GL+OL+SP+PX
162 RUN,722MEW-186228-SP,OKB. 1220C, 18HR.F-0.678, +GL+OL+SP+PX
154 155 156 157 158 159
Si02 0.49 0.42 0.38 .0.43 0.46 0.36
Ti02 3.56 3.52 3.50 3.51 3.44 3.42
A1203 5.36 5.53 5.44 5.18 4.93 4.95
Cr203 0.28 0.71 0.60 0.51 0.34 0.44
FeO 64.64 64.88 64.93 65.17 64.44 64.65
MnO 0.25 0.28 0.37 0.22 0.20 0.25
MgO 17.84 17.78 17.55 17.59 17.72 17.62
total= 92.42 93.12 92.77 92.61 91.53 91.69
154 RUN , 7 1 8MEW- 1 86228-SP , OK8 , 1 291 C , 20HR , F-0 . 678 , +GL+OL + SP
155 RUN,718MEW-186228-SP,OKB, 1 291 C ,20HR, F-0.678, +GL+OL+SP
156 RUN , 7 1 SMEW- 1 86228-SP , 0KB , 1 291 C , 20HR , F-0 . 678 , +GL+OL+SP
157 RUN, 720MEW-1 86228-SP ,0KB, 1271 C.20HR, F-0. 678, +GL+OL+SP
158 RUN , 720MEW-186228-SP . 0KB , 1271C , 20HR, F-0.678 , +GL+OL+SP
159 RUN , 720MEW- 1 86228-SP , 0KB , 1 27 1 C , 20HR , F-0 . 678 , +GL+OL+SP
160 RUN.722MEW-186228-SP,OKB. 1220C, 18HR.F-0.678, +GL+OL+SP+PX
161 RUN, 722MEW-1 86228-SP, 0KB, 1220C, 18HR, F-0.678, +GL+OL+SP+PX


















































































































TABLE D3 HIGH PRESSURE. EXPERIMENTAL RESULTS.
SAMPLE 186228



















































































































































































































































































































































































































































170 171 172 173 174 175 176
Si02 40.13 40.07 39.93 40.37 40.39 40.75 40.45
Ti02 nd 0.18 0.18 0.27 0.23 nd 0.20
A1203 nd nd nd 0.31 nd nd nd
FeO 10.39 11.08 11.20 10.74 11.84 11.48 11.90
MnO nd 0.11 nd 0.22 0.19 0.17 0.23
NiO nd nd 0.19 0.17 nd nd nd
MgO 45.78 45.80 45.15 45.49 47.40 47.66 45.08
CaO 0.79 0.75 0.79 0.82 0.79 0.84 0.96
total= 97.09 97.99 97.44 98.39 100.84 100.90 98.82
170 RUN . 8495MEMO- 1 8 1 921 -OL , 1 7 . 6KB , 1 562C , 0 . 5HR , F-0 , +GL+OL
171 RUN, B495MEMO-1 81921-01, 17. 6KB .1562C.0.5HR. F-0. +GUOL
172 RUN . B495MEMO-1 81921 -OL , 1 7 . 6KB , 1562C , 0 . 5HR , F-0 . +GL+OL
173 RUN.B495MEMO-181921-OL, 17.6KB, 1562C,0.5HR,F-0,+GL+OL
174 RUN , B496MEMO- 1 81 921 -OL , 1 7 . 7KB , 1 530C , 0 . 5HR , F-0 , +GL+OL
175 RUN,B496MEMO-181921-OL,17.7KB,1530C,0.5HR,F-0,+GL+OL
176 RUN , B496MEMO-1 81921 -OL , 17 . 7KB , 1530C , 0 . 5HR , F-0 , +GL+OL
177 RUN . 8496MEMO- 1 81 92 1 -OL . 17 . 7KB , 1 530C , 0 . 5HR , F-0 , +GL+OL
178 RUN , B496MEMO-1 81 921 -OL ,17.7KB, 1 530C , 0 . 5HR , F-0 , +GL+ OL
179 RUN. B487MEMO-1B1921-OL, 17.3KB, 1468C, 1 .OOHR, F-0, +GL+OL
180 181 182 183 184 185 186
Si02 40.94 40.86 40.58 40.98 39.77 39.53 39.82
Ti02 0.12 nd nd nd nd nd 0.17
FeO 12.45 12.30 11.70 12.45 13.45 13.74 14.76
MnO 0.25 0.14 0.12 0.20 0.24 0.23 0.2G
NiO nd nd nd nd nd 0.14 0.30
MgO 46.81 46.53 44.94 46.87 45.39 45.35 44.03
CaO 0.79 0.95 0.81 0.82 0.87 0.89 1.04
totals 101.36 100.78 98.15 101.32 99.72 99.88 100.38
180 RUN , B487MEMO-1 81921 -OL . 17 . 3KB , 1 468C , 1 . OOHR , F-0 , +GL+OL
181 RUN , B487MEMD- 1 8 1 92 1 -OL , 1 7 . 3KB , 1 468C , 1 . OHR , F-0 , +GL+OL
182 RUN , B496MEMO- 1 8 1 921 -OL . 1 7 . 7KB , 1 530C , 0 . 5HR , F-0 , +GL+OL
183 RUN 1 B494MEMO-181921-OL,18.0KB,151QC,0.5HR 1 F-0 1 +GL+OL
184 RUN , B490MEMO- 1 8 1 92 1 -OL , 1 8 . 0KB , 1 477C . 1 . OOHR , F-0 , +GL +OL
1 85 RUN , B490MEMO- 1 81 32 1 -OL , 1 B . 0KB , 1 477C . 1 . OOHR , F-0 , +GL+OL
186 RUN,B501MEC-1B1921-OL,17.9KB,1430C,1.00HR,F-0,+GL+OL
1 87 RUN , B486MEMO- 1 8 1 92 1 -OL , 1 7 . 6KB . 1 404C , 2 . OOHR , F-0 , +GL+OL+PX
188 RUN,B486MEMO-181921-OL,17,6KB, 1404C,2.00HR, F-0, +GL+OL+PX







































































































































































































































































































HIGH PRESSURE EXPERIMENTAL RESULTS. SAMPLE 186228
PRESSURE 18KB
OLIVINE ANALYSES.
210 211 212 213 214 215 216
Si02 39.75 39.41 39.28 39.18 38.55 38.88 38.41
Ti02 0.18 0.36 0.20 0.30 0.45 0.28 0.26
FeO 16.29 16.21 15.51 18.19 19.13 18.79 23.04
MnO 0.21 0.16 0.18 nd 0.24 0.26 0.32
NiO 0.26 nd 0.21 0.19 nd 0.21 0.27
MgO 43.34 43.37 43.42 40.56 39.85 40.74 36.93
CaO 0.74 0.77 0.65 0.68 0.95 0.75 0.74
total= 100.77 100.28 99.45 99.10 99.17 99.91 99.97
210 RUN , B527MEC-1 86228-OL , 1 8 . 4KB , 1 458C . 2 . OOHR , F-0 , +GL+OL
21 1 RUN , B527MEC- 1 86228-OL , 1 8 . 4KB , 1 458C . 2 . OOHR . F-0 , +GL+OL
212 RUN,8527MEC-186228-OL,18.4KB,1458C,2.00HR,F-0.+GL+OL
213 RUN , B540CEC- 1 86228-OL , 1 7 . 7KB , 1 358C , 2 . OOHR , F-0 . +GL+OL
2U RUN , B540CEC-1 86228-OL , 1 7 . 7KB , 1 358C , 2 . OOHR . F-0 , +GL+OL
215 RUN , B540CEC- 1 86228-OL ,17.7KB,! 358C , 2 . OOHR , F-0 , +GL+OL
216 RUN, A334CEC-1 86228-OL, 18.1 KB , 1272C, 2. 5HR, F-0, +GL+OL+PX+SP
217 RUN,A334CEC-186228-OL.18.1KB l 1272C.2.5HR.F-0,-'-GL+OL+PX+SP
218 RUN , A334CEC-1 86228-OL , 1 8 . 1 KB , 1 272C . 2 . 5HR , F-0 , +GL+OL+PX + SP
219 RUN , B532CEC- 1 86228-OL , 1 8 . 7KB , 1 263C , 4 . OOHR , F-0 , +GL+OL+PX
PYROXENE ANALYSES.
221 222 223 224 225 226 227
Si02 43.53 44.41 45.97 47.48 43.97 45.74 42.18
Ti02 5.17 5.00 3.48 3.24 4.95 3.95 5.66
A1203 9.93 9.86 8.99 7.51 10.02 8.96 11.14
Cr203 0.39 0.35 0.30 0.25 0.37 0.30 0.36
FeO 7.41 7.61 6.92 7.69 7.47 7.18 7.60
MnO nd 0.11 nd 0.11 nd nd 0.22
NiO nd 0.20 nd nd nd nd nd
MgO 10.94 11.01 11.89 12.50 11.10 11.62 10.47
CaO 21.08 21.14 21.68 20.56 21.00 21.00 21.42 '
Na20 0.39 0.35 0.39 nd 0.36 0.39 0.50
total= 98.84 100.04 99.62 99.34 99.24 99.14 99.55
221 RUN , A334CEC-1 86228-PX , 1 8 . 1 KB , 1 272C , 2 . 5HR , F-0 , +GL+OL+PX+SP
222 RUN . A334CEC- 1 86228-PX , 1 8 . 1 KB , 1 272C , 2 . 5HR , F-0 . +GL+OL+PX+SP
223 RUN , A334CEC-1 86228-PX , 1 8 . 1 KB , 1272C , 2 . 5HR , F-0 , +GL+OL+PX+SP
224 RUN .A334CEC-1 86228-PX. 18.1 KB .1272C, 2. 5HR, F-0, +GL+OL+PX+SP
225 RUN,A334CEC-186228-PX, 18.1KB. 1272C, 2. 5HR, F-O.+GL+QL+PX+SP
226 RUN , A334CEC- 1 86228-PX , 1 8 . 1 KB , 1 272C . 2 . 5HR , F-0 , +GL+OL+PX+SP
227 RUN,B532CEC-18622B-PX,18.7KB,1263C,4.00HR.F-0,+GL+OL+PX
228 RUN, B532CEC-186228-PX. 18.7KB. 1263C, 4. OOHR, F-0, +GL+OL+PX
229 RUN , B532CEC- 1 86228-PX , 1 8 . 7KB , 1 263C , 4 . OOHR , F-0 , +GL+OL+PX
PRESSURE 23KB
OLIVINE ANALYSES.
230 231 232 233 234 235 236
Si02 39.76 39.77 39.77 39.12 39.36 39.21 39.00
Ti02 0.18 0.20 nd 0.23 0.13 0.27 0.16
A1203 nd nd nd 0.17 nd nd nd
FeO 15.80 15.96 15.95 15.76 18.62 17.55 18.11
MnO nd 0.19 0.16 0.23 0.24 0.22 0.17
NiO 0.22 0.23 0.22 0.23 nd 0.24 0.19
MgO 42.19 42.10 42.78 42.01 41.37 41.65 40.75
CaO 0.77 0.61 0.69 0.75 0.68 0.59 0.74
total= 98.92 99.06 99.57 98.50 100.40 99.73 99.12
230 RUN,B547CEC-186228-OL,23.2KB, 1486C, 1 .25HR, F-0, +GL+OL
231 RUN .B547CEC-1 86228-OL, 23. 2KB, 1486C, 1 .25HR, F-0, -fGL+OL
232 RUN.B547CEC-186228-OL.23.2KB, 1486C, 1 .25HR , F-Q, +GL+OL
233 RUN , B547CEC- 1 86228-OL , 23 . 2KB , 1 486C , 1 . 25HR , F-0 . +GL+OL
234 RUN , B546CEC-186228-OL , 23 .2KB , 1405C , 2 . OOHR , F-0 , +GL+OL
235 RUN, B546CEC-1 86228-OL, 23. 2KB .1405C, 2. OOHR, F-0, +GL+OL
236 RUN , B546CEC- 1 86228-OL , 23 . 2KB , 1 405C , 2 . OOHR , F-0 , +GL +OL
237 RUN,B541CEC-186228-OL,23.0KB, 1355C. 1 . OOHR, F-0 , +GL+OL+PX
238 RUN,B541CEC-186228-OL,23.0KB, 1355C, 1 .OOHR. F-0 , +GL+OL+PX




















































































c nr> -^2oS ™241 242 243 244 245 246 
f*5^ 3Z' 92 39 - 02 38 - 53 38-27 37.70 38.21 38.59 
Ti02 0.63 0.32 0.17 0.17 0.30 0.33 0.29 
E*2 2S"5£ 19 ' 92 21 - 58 24.57 25.33 22.61 20.65 
HnO 0.35 0.19 0.19 0.18 0.32 0.26 0.20 
NiO 0.22 0.22 nd 0.25 nd 0.23 0.20 
HgO 34.99 40.65 38.46 36.24 35.09 37.47 38.84 
CaO 0.76 0.63 0.72 0.67 0.78 0.60 0.78
total= 100.73 100.95 99.65 100.35 99.52 99.71 99.55
240 RUN, B542CEC-1 86228-OL ,23. 2KB, 1307C.1.5HR, F-0, +GL+OL+PX+SP+IL 
241 RUN,B542CEC-186228-OL,23.2KB,1307C,1.5HR,F-0,+GL-t-OL+PX+SP+IL 
242 RUN , B542CEC-1 86228-OL , 23 . 2KB , 1 307C . 1 . 5HR , F-0 , +GL+OL+PX+SP+IL 
243 RUN,B542CEC-186228-OL,23.2KB, 1307C, 1 .5HR.F-0, +GL+OL+PX+SP+IL 
244 RUN , 8536CEC-1 86228-OL , 22 . 9KB , 1246C , 3 . 5HR , F-0 , +GL+OL-t-PX+SP+I L 
245 RUN , B536CEC- 1 86228-OL , 22 . 9KB , 1246C , 3 . 5HR , F-0 , +GL+OL+PX+SP+I L 
246 RUN , B536CEC- 1 86228-OL , 22 . 9KB , 1 246C , 3 . 5HR , F-0 , +GL+OL+PX+SP+ I L 
247 RUN,B536CEC-186228-OL,22.9KB,1246C,3.5HR,F-0,+GL+OL+PX+SP-t-IL 
248 RUN , B538CEC-1 86228-OL , 22 . 8KB , 1 21 5C , 3 . OOHR , F-0 , +GL+OL+PX+SP+I L 
249 RUN , B538CEC- 1 86228-OL , 22 . 8KB , 1 21 5C , 3 . OOHR , F-0 , +GL+OL+PX+SP+I L
250 251 
Si02 39.65 39.51 
Ti02 0.18 0.22 
FeO 18.45 17.19 
HnO 0.21 nd 

































253 254 255 256 257 258 259 
Si02 43.54 45.86 44.50 45.47 44.14 43.47 41.66 
Ti02 5.36 3.86 4.74 3.78 4.94 5.91 6.40 
A1203 10.53 9.04 10.15 9.16 9.96 10.21 10.47 
Cr203 0.33 0.41 0.27 0.29 0.22 nd 0.23 
FeO 8.15 8.07 7.86 7.47 7.96 9.88 9.91 
HnO 0.17 0.14 nd nd nd nd nd 
MgO 10.50 12.06 10.76 11.43 10.65 9.80 8.80 
CaO 20.59 20.05 20.83 20.82 20.74 18.45 20.28 
Na20 0.37 0.45 0.37 0.48 0.67 1.08 0.78
total= 99.54 99.94 99.48 98.90 99.28 98.80 98.53
253 RUN,B542CEC-186228-PX,23.2KB,1307C, 1 .50HR, F-0, +GL+OL+PX+SP+IL 
254 RUN,B542CEC-186228-PX,23.2KB,1307C,1.50HR,F-0,+GL+OL+PX+SP+IL 
255 RUN, B542CEC-1 86228-PX, 23. 2KB , 1307C , 1 .50HR, F-0, +GL+OL+PX+SP+IL 
256 RUN , B542CEC-1 86228-PX , 23 . 2KB , 1 307C . 1 . 50HR , F-0 , +GL+OL+PX+SP+I L 
257 RUN , B542CEC- 1 86228-PX , 23 . 2KB , 1 307C , 1 . 50HR , F-0 , +GL+OL+PX+SP+IL 
258 RUN , B536CEC- 1 86228-PX , 22 . 9KB , 1246C , 3 . 5HR . F-0 . +GL+OL+PX+SP+ IL 
259 RUN , B536CEC-1 86228-PX , 22 . 9KB , 1 246C , 3 . 5HR , F-0 . +GL+OL+PX+SP+ 1 L 
260 RUN , B536CEC- 1 86228-PX , 22 . 9KB , 1246C , 3 . 5HR , F-0 , +GL +OL+PX+SP+I L 
261 RUN, B536CEC-1 86228-PX, 22. 9KB, 1246C, 3. 5HR, F-0, +GL+OL+PX+SP+IL 
262 RUN , B536CEC- 1 86228-PX , 22 . 9KB , 1 246C , 3 . 5HR , F-0 , +GL+OL+PX+SP+IL
263 264 265 266 267 
Si02 41.64 42.85 43.55 42.18 44.52 
Ti02 7.00 6.24 5.63 6.59 5.30 
A1203 10.93 10.73 10.55 10.86 9.66 
Cr203 0.30 0.13 0.19 0.26 nd 
FeO 9.91 10.15 9.10 9.93 10.36 
HnO 0.13 0.16 nd 0.17 0.11 
MgO 8.71 9.21 10.13 9.41 10. 1C 
CaO 20.16 20.22 20.19 20.15 19.82 
Na20 1.03 0.74 0.46 1.07 0.61









































268 269 270 271 272 273 274 
Si02 0.31 0.26 0.40 0.51 0.48 0.61 1.10 
Ti02 54.74 54.14 53.17 27.63 28.37 28.13 51.34 
A1203 1.14 1.16 1.76 10.16 10.19 10.46 1.38 
O203 nd nd nd 0.32 0.31 0.30 nd 
F»0 36.99 37.37 36.35 52.06 51.56 51.65 38.59 
HnO 0.32 0.24- 0.36 0.27 0.34 0.35 0.33 
HgO 7.40 7.48 7.12 7.46 7.36 7.71 6.70




271 RUN , B536CEC- 1 86228-SP , 22 . 9KB , 1 246C , 3 . 5HR , F-0 , +GUOL+PX+SP+ 1 L 
272 RUN,B536CEC-186228-SP,22.9KB,1246C I 3.5HR,F-0,+GUOL+PX+SP+IL 







Si 02 38.11 38.13 37.66 
Ti02 0.18 0.29 0.29 
F»0 25.15 24.27 26.70 
HnO 0.24 0.13 0.28 
NiO 0.31 nd nd 
MgO 35.12 35.93 35.03 
C«0 0.89 0.82 0.71











































































283 RUN,B544CEC-186228-SP,25.2KB l 1312C,2.00Hn,F-0,+GLi-OL+PX+SP
284 RUN,B544CEC-106228-SP,25.2Ke i 1312C , 2. OOHR, J--0 , +GL+OL+PX+SP
PRESSURE 30KB 
OLIVINE ANALYSES.
	285 286 287 288 289 290 291 292 293 294
Si02 39.17 39.21 39.51 39.51 40.02 39.71 40.02 39.83 39.75 39.82
Ti02 0.16 0.15 0.25 0.25 0.14 0.32 0.26 0.25 0.27 0.17
A1203 nd nd nd nd nd 0.44 nd 0.26 nd nd
FeO 15.77 16.00 16.19 16.19 16.29 16.41 16.67 17.32 16.82 16.09
MnO nd 0.13 0.12 0.12 0.16 0.19 0.10 0.17 0.19 0.16
NiO 0.14 nd 0.14 0.14 0.15 0.22 0.20 nd 0.23 0.30
MgO 42.34 42.30 42.65 42.65 42.86 41.68 42.65 41.96 42.70 42.68
CaO 0.50 0.53 0.50 0.50 0.53 0.89 0.67 0.93 0.64 0.63




















300 RUN,A335CEC-186228-PX,29.6KB,H67C 1 1.5HR,F-0,+GL+OL + PX
